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Thesis abstract 
Mechanical ventilation is a lifesaving therapy for patients with acute respiratory 
failure. Unfortunately, mechanical ventilation can contribute to mortality in these 
critically ill patients through a process known as ventilator-induced lung injury (VILI). 
VILI is thought to occur through overdistension and/or cyclic stretch of the lung which 
leads to tissue damage and inflammation (biotrauma). However, due to the 
heterogenous response of the lung to mechanical ventilation, both overdistension due 
to high lung volume ventilation and cyclic stretch due to low lung volume ventilation 
can occur simultaneously within the same lung. In addition, the magnitude of VILI is 
influenced by the pre-existing injury that caused respiratory failure in the first instance. 
To date, the link between variation in the regional lung volume response and regional 
lung inflammation, and how different lung injuries alters these responses, is poorly 
understood. The aim of this Thesis was to assess the impact of mechanical ventilation 
on the regional lung volume response and biotrauma in the healthy, indirectly injured 
(endotoxemia) and directly injured (acid aspiration) lung.  
To assess the impact of mechanical ventilation on the regional response in the healthy 
lung (Chapter 2), adult female BALB/c mice were ventilated for 2 hours using either 
a protective (moderate PIP with PEEP) or injurious (high PIP with no PEEP) 
ventilation strategy. The regional FRC (the regional volume of air retained in the lung 
at end expiration) and tidal volume responses were obtained from analysis of dynamic 
high-resolution 4D CT lung images at baseline and after 2 hours of ventilation. The 
expression of 21 genes were measured by qPCR array and correlated with regional 
lung volume responses. Protein expression and neutrophilia were quantified by 
immunohistochemistry. To assess the effect of indirect lung injury on the response 
(Chapter 3), mice were exposed to lipopolysaccharide (LPS) by IP injection in saline 
xxiii 
or saline alone. Four hours later, lungs were imaged by 4D CT at baseline and after 2 
hours of ventilation. The inflammatory response was evaluated by the expression of 
seven inflammatory genes by qPCR and neutrophilia was quantified by 
immunohistochemistry. To assess the effect of direct lung injury (Chapter 4), mice 
were exposed intra-tracheally (IT) to hydrochloric acid or saline. Lungs were imaged 
by 4D CT at baseline and after 2 hours of ventilation and the regional expression of 
four inflammatory cytokines was assessed by ELISA.  
In the healthy lung, there was regional variation in the lung volume response and gene 
expression, whereby regional tidal volume, and the expression of two genes (IL-6, P = 
0.02 and Ccl2, P < 0.01), varied regionally depending on the ventilation strategy. The 
expression of IL-6 and Ccl2 was positively associated with regional tidal volume, but 
not with FRC, suggesting that overstretch is detrimental in the healthy lung. In 
endotoxemia (LPS exposure), there was also regional variation in FRC and the 
expression of the two inflammatory genes (IL-6 and Ccl2). The expression of IL-6 was 
negatively associated with FRC in the LPS treated mice, whereas there was no 
significant association between tidal volume suggesting that the endotoxemic lung is 
susceptible to low lung volume ventilation. In contrast, acid aspiration had no effect 
on regional FRC or regional tidal volume. There was also no effect on regional levels 
of the inflammatory cytokines (TNF-α, MCP-1, IL-1β and IL-6). Further analysis to 
assess the effect of IT fluid administration on the response was undertaken by 
comparing lung volume data from the IP saline exposed group (Chapter 3) with the 
saline IT exposed mice (Chapter 4). Saline exposure via the IT route led to significant 
increases in FRC in some regions (P = 0.01). 
This Thesis showed that healthy lung is susceptible to regional overdistension, while 
the endotoxemic lung is susceptible to low lung volume ventilation. In both cases, 
xxiv 
these were associated with increased expression of IL-6. Unfortunately, pre-injury in 
the acid aspiration model was not established, which may be due to the high pH used, 
short exposure duration and the impact of liquid aspiration. Therefore, it is unclear 
whether this injury alters the regional stretch and inflammatory response compared to 
endotoxemia and further experiments are required. Overall, the data from these 
experiments provide critical insight into the regional lung response to mechanical 
ventilation and the influence of existing injury on the response. In particular, these 
results highlight the importance of the balance between cyclic stretch and over-stretch 
(tidal volume) and how each of these can contribute to lung inflammation and, 





This thesis consists of five chapters 
- Chapter 1 is the Thesis Introduction and consists of a literature review, aims 
and hypotheses and a brief description of the study approach used to address 
each specific aim. 
- Chapter 2 is a results Chapter that addresses the first Aim of the study; the 
association between regional lung volumes and the expression of VILI 
associated genes in response to mechanical ventilation in the healthy lung. This 
Chapter is presented as published in the American Journal of Respiratory Cell 
and Molecular Biology.  
- Chapter 3 is a results Chapter that addresses the second Aim of this study; the 
impact of endotoxemia, as a model of indirect lung injury, on the regional lung 
volume and gene expression response to mechanical ventilation. This Chapter 
is formatted as submitted to the American Journal of Physiology – Lung Cell 
and Molecular Physiology (currently under review). 
- Chapter 4 is a results Chapter that that addresses the third Aim; the impact of 
acid aspiration, as a model of direct lung injury, on regional lung volumes and 
the expression of VILI-related protein in response to mechanical ventilation. 
- Chapter 5 is the General Discussion and outline the Conclusions of the Thesis. 
 Chapter 1 Literature review 
1 
 
Chapter 1 - Literature review 
  
 Chapter 1 Literature review 
2 
 
1.1 Overview of respiratory failure and mechanical ventilation  
The lung plays a critical role in the exchange of oxygen and carbon dioxide. This 
exchange process consists of ventilation, which involves the inhalation and exhalation 
of air between the lungs and the environment, and gas exchange, which occurs within 
the lungs between the alveoli and the capillaries. Many pathological circumstances can 
lead to the impairment of gas exchange and/or ventilation, such that the lung is not 
able to support normal physiological function [1, 2] resulting in respiratory failure. 
Respiratory failure may be characterised by hypoxemia due to impairment of gas 
exchange, as indicated by a partial pressure of oxygen (PaO2) in arterial blood (< 60 
mm Hg), with or without ventilation impairment leading to hypercapnia (PaCO2 > 45 
mm Hg) [1, 2]. Acute Respiratory Distress Syndrome (ARDS) is a severe form of 
respiratory failure and has a very high mortality rate [3-5].  
The clinical care of patients with acute respiratory failure involves securing the airway 
and management of breathing and circulation which often includes mechanical 
respiratory support [1]. Invasive mechanical ventilation is used as a lifesaving 
respiratory support therapy for patients with acute respiratory failure including patients 
with ARDS [6]. Unfortunately, mechanical ventilation is thought to contribute to the 
development of ARDS and its high mortality by inducing inflammation and 
contributing to multiple system organ failure (MSOF) [7, 8]. Mechanical ventilation 
is thought to cause injury by a process known as ventilator-induced lung injury (VILI) 
[9]. VILI may develop as a result of overdistension due to high tidal volumes and/or 
atelectrauma due to cyclic opening and closing of the airways and recruitment/de-
recruitment of alveoli as a result of low end-tidal lung volumes [10-12]. This suggests 
a balance is required whereby the lung is adequately ventilated to support life while 
avoiding excessively high and low lung volumes. As a result, many studies have 
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focussed on finding the ideal ventilation strategy that provides sufficient gas exchange 
but does not cause injury to the lungs [6]. However, this is complicated by the fact that 
the lung has a heterogeneous response to mechanical ventilation, with both 
overdistension and atelectrauma occurring within different regions of the same lung 
[13-15]. Minimising VILI in patients with ARDS is even more complicated because 
ARDS is a heterogenous disease with different causes and pathologies [16, 17], so the 
optimum ventilation strategy may vary between patients. The “two-hit” hypothesis 
suggests a patient’s outcome is the result of the interaction between the primary 
disorder that caused respiratory failure and the lung response to mechanical ventilation 
[18]. The following sections will outline our current understanding of ARDS, the 
mechanisms of VILI, how they interact, and their impacts on a patient’s outcome. 
1.2 Acute respiratory distress syndrome (ARDS) 
1.2.1 What is ARDS? 
ARDS is a clinical syndrome characterised by inflammation in the lung manifested by 
pulmonary oedema and flooding of the alveolar space resulting in loss of lung 
compliance and hypoxemia [19]. Initially, Ashbaugh and colleagues [20] used the term 
Respiratory Distress Syndrome to describe the clinical condition of 12 adult patients 
who exhibited acute onset tachypnoea (rapid breathing), hypoxemia (oxygen 
deficiency), loss of lung compliance, and diffuse alveolar infiltration seen on chest X-
ray. Over time, several new terms and characteristic criteria have been introduced to 
describe these conditions [21]. At the 1994 American-European Consensus 
Conference (AECC) on ARDS, the terms Acute Lung Injury (ALI) and ARDS were 
defined to characterise alveolar leakage, oedema formation, pulmonary epithelial cell 
death, loss of lung compliance, hypoxemia, and bilateral infiltrates on chest radiograph 
[22]. ALI and ARDS were differentiated on the basis of arterial blood oxygenation: 
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PaO2/FiO2≤ 200 mm Hg for ARDS and 200 mm Hg < PaO2/FiO2 ≤ 300 mm Hg for 
ALI. Recently, the ARDS Definition Task Force developed the “Berlin Definition”, 
where the term ALI was dropped and three mutually exclusive categories of ARDS 
were defined based on the degree of hypoxemia: mild (200 mm Hg < PaO2/FiO2 ≤ 300 
mm Hg), moderate (100 mm Hg < PaO2/FiO2 ≤ 200 mm Hg), and severe (PaO2/FiO2 
≤ 100 mm Hg) [4].  
The development of ARDS is associated with a variety of clinical disorders which can 
be classified into direct and indirect injuries to the lung [21]. Sepsis is the most 
common cause of indirect injury, while pneumonia and aspiration are the most 
common causes of direct injury [21]. The relative contribution of these causes of 
ARDS to the disease burden varies between studies. For example, sepsis was found to 
cause the most ARDS cases in Europe and the USA between the 1990s to 2000s [21, 
23-26], while, pneumonia was the most common cause of ARDS in Taiwan [27] and 
Brazil [28] in more recent studies. In contrast, malaria, leptospirosis, and undiagnosed 
fever followed by pneumonia were found as the main causes of ARDS in a recent study 
in India [29]. These variations are important as the cause of ARDS can be a 
determinant of disease severity, mortality and treatment. Mortality rates due to ARDS 
vary according to the cause of the initial injury and disease severity. Patients with 
pulmonary sepsis or aspiration, two common causes of ARDS, have the highest 
mortality rates [23, 24]. As you would expect, patients with mild ARDS typically have 
a lower mortality rate than patients with moderate or severe ARDS [23, 24, 27, 28, 
30]. 
1.2.2 Incidence of ARDS and ARDS-related mortality 
Studies report a wide range of annual incidences of ARDS. A prospective, population-
based cohort study in King County, Washington (U.S.A.), between April 1999 and 
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July 2000, the annual incidence of ARDS was estimated 78.9/100,000 people with 
26% of them being classified as ALI (mild ARDS) [23]. Based on this calculation the 
annual incidence of ARDS was estimated to be about 200,000 in the USA [23]. In 
contrast, a lower annual ARDS incidence rate (15.74/100,000 people) was reported 
from a 15-year nationwide inpatient cohort study based on the Taiwan National Health 
Insurance Research Database between 1997 to 2011 [27]. This discrepancy may reflect 
the different diagnosis methods and selection criteria used in these two studies [27], 
while misdiagnosis is also a major issue [5].  
Overall ARDS mortality is high and has remained unchanged for a number of decades. 
For example, while the U.S. study mentioned earlier [23] reported mortality rates of 
38.5% for mild ARDS and 41.1% for moderate and severe ARDS, the inpatient cohort 
study in Taiwan [27] reported a mortality rate of 57.8%. Meanwhile the ARDS 
Definition Task Force performed meta-analysis of 4457 patients with ARDS from four 
multi-centre and three single-centre clinical studies and found mortality rates due to 
mild, moderate, and severe ARDS, were 27, 32 and 45% respectively [4]. A recent 
prospective study found a mortality rate of approximately 40% in patients with ARDS 
in 459 ICU across 50 countries worldwide [5]. A systematic analysis of 72 ARDS 
studies, with at least 30 patients, between 1994 to 2005 found an overall mortality rate 
due to ARDS of 43% with an annual reduction of 1.1% based on regression equations 
[31]. In contrast, another systematic review reported the mortality rates did not 
decrease between 1994 and 2006 [32]. Recent systematic reviews have shown that the 
mortality rates due to ARDS remains high (over 40%) [3, 33], highlighting the poor 
outcomes in these patients.    
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1.2.3 ARDS and inflammation 
ARDS is associated with high levels of inflammatory cells and cytokines both locally 
(in the lung) and systemically (in blood and peripheral organs). In early studies, 
excessive numbers of neutrophils and high levels of elastase were found in the lavage 
samples of the majority of patients with ARDS [34]. Since then, further clinical studies 
have reported high levels of inflammatory cytokines, including tumour necrosis factor-
alpha (TNF-α), interleukins (IL)-1β, IL-6 and IL-8 and interferon-gamma (IFN-γ) in 
the bronchoalveolar lavage (BAL) and/or plasma of patients with ARDS [35-41]. 
Increasing levels of these cytokines in the BAL and plasma are detected on the first 
day of ARDS development and the persistence of these markers of inflammation over 
time is associated with increased mortality [42]. These observations suggest that 
inflammation is important in both the initiation and progression of ARDS. 
Intriguingly, only 16% of ARDS patients die due to hypoxia, with most dying from 
MSOF [43, 44] as a result of inflammation [7, 8]. 
1.2.4 Lung heterogeneity in ARDS 
ARDS is a heterogenous disease [16, 17]. Initially, it was thought that the lung of a 
patient with ARDS was homogeneous, but Gattinoni et al. 1986 [45] reported that 
there were clearly defined regions of normal (inflatable) and dense (non-inflatable) 
tissue within a single lung that could be identified by X-Ray Computed Tomography 
(CT) images. The concept of the “baby lung” was then introduced to describe the small 
size of the normal (inflatable) region of the lung in ARDS [46, 47]. It is estimated that 
patients with severe ARDS only have 20% of their lung available for gas exchange 
[46]. This correlates with patient mortality, with a greater percentage of heterogeneity 
in non-survivor patients compared with survivors [16]. To date our understanding of 
the link between lung heterogeneity and the pathogenesis of ARDS is limited. 
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1.2.5 ARDS treatment 
There is no specific treatment for ARDS, rather, the effective management of patients 
with ARDS involves treating the cause and symptoms [21, 48]. Prolonged ventilation 
is often required as a lifesaving therapy for patients with ARDS, however, mechanical 
ventilation itself is thought to worsen the lung condition by inducing injury (i.e. VILI) 
[49, 50] which contributes to the progression of ARDS, MSOF and mortality [23, 51, 
52]. As a result, a high proportion of patients with mild ARDS (55%) show progression 
of disease to moderate or severe ARDS within a few days of ventilation [24].  
VILI occurs through a variety of processes which are likely to be driven by the 
mechanical response of the lung to positive pressure ventilation. Experimentally, VILI 
can be induced by ventilating the lung with high tidal volumes (VT) and/or low positive 
end expiration pressure (PEEP) [10, 11, 53, 54]. For example, tidal volumes of over 
30 mL/kg may be required to induce overstretch injury in experimental models [55, 
56]. In line with this, clinical studies have shown that moderate VT (12 mL/kg) is 
associated with higher mortality rates than lower VT (6 mL/kg) [57]. Despite the 
application of lower tidal volume ventilation strategies clinically, there has been no 
further decrease in mortality rates over the last decade [3, 33], suggesting that 
underventilation may also be problematic [58]. However, while the application of 
PEEP, to prevent lung collapse, was shown to reduce mortality in some studies [20, 
59-61], randomised controlled trials have shown no effect of PEEP adjustment on 
survival rate [62, 63].  
There are a number of explanations for this contradiction in observations. For example, 
the “lung inhomogeneity” hypothesis suggests that the distribution of the stress and 
strain fields is not uniform which contributes to a heterogeneous response to 
mechanical ventilation in individual lungs [16, 64]. In addition, the “two-hit” 
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hypothesis, suggests the outcome is a combination of the nature of pre-existing lung 
injury and the lung response to the ventilation [18, 65].  Thus, there is both within and 
between patient heterogeneity that needs to be considered. To date few studies have 
attempted to determine how individual lung heterogeneity impacts on VILI and how 
the nature of the pre-existing injury modifies this response. 
1.3 Ventilator-induced lung injury (VILI) 
1.3.1 The VILI concept 
The use of positive pressure ventilation in intensive care units arose in the mid-20th 
century following the major polio outbreak in Copenhagen in 1953. This clinical 
intervention was shown to effectively save lives by immediately reducing mortality 
from 87% to 40% [66]. However, while mechanical ventilation is able to support gas 
exchange, it does not address the underlying cause of respiratory failure. 
Paradoxically, positive pressure ventilation is thought to contribute to the high 
mortality rates in critically ill patients with respiratory failure by inducing lung injury 
[67]. Mechanical ventilation has been shown to injure the lungs de novo [9, 68], which 
occurs through a range of processes including 1) volutrauma/barotrauma 
[overdistension with high peak inspiratory pressure (PIP) or high lung volume], 2) 
atelectrauma (cyclic opening and closing of small airways and recruitment/de-
recruitment of the lung units) and 3) biotrauma (inflammation) as a result of either or 
both baro/volutrauma and atelectrauma [18]. The contribution of these factors to VILI 
will be discussed in detail below. 
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1.3.2 Overdistension (barotrauma/volutrauma) 
1.3.2.1 Barotrauma 
VILI may be caused by barotrauma due to the application of high PIP ventilation [53]. 
Early clinical studies showed that high PIP ventilation leads to alveolar or pleural 
rupture resulting in pneumothorax and interstitial emphysema in patients with acute 
respiratory failure [54]. This was supported by experimental studies. In an early study, 
Greenfield and colleagues [69] found that healthy dogs ventilated with a high PIP (26-
32 cm H2O) for 2 hours had impaired surfactant function. Meanwhile, Webb and 
Tierney [68] reported alveolar and perivascular oedema, severe hypoxia and mortality 
within one hour of ventilation in a group of rats ventilated with high PIP (45 cm H2O) 
with no PEEP. Interestingly, the perivascular oedema without alveolar oedema was 
also found in the groups of rats ventilated with 30 cm H2O with no PEEP and 45 cm 
H2O with 10 cm H2O PEEP, suggesting that lung injury developed when ventilated 
with either high PIP or low PEEP [68]. A follow up experiment found that lung oedema 
was present in groups of rats ventilated with high PIP (45 cm H2O) for 5, 10 and 20 
minutes with the severity of oedema correlating with the duration of ventilation [70]. 
Histologic examination of lung tissue from these rats found evidence of diffuse 
alveolar oedema particularly in the alveoli surrounding the broncho-vascular spaces 
and the subpleural areas. In addition, other studies have shown deterioration of lung 
function  after ventilation at a PIP of 50 cm H2O in paralysed sheep [55] and increases 
in microvascular permeability in open chest dogs ventilated with high PIP [71]. In 
summary, high PIP ventilation causes direct lung injury resulting in oedema and 
damage to the lung microvasculature. 




Volutrauma, as a result of the application of high tidal volumes, is linked to 
barotrauma, however these processes may also be independent. The concept of 
volutrauma was proposed by Dreyfuss et al. [10], who demonstrated VILI was 
associated with high tidal volume rather than high-pressure with low VT ventilation.  
The high-pressure low VT condition was achieved by strapping the chest. In that study, 
oedema was found in the groups of rats, that were ventilated with high VT, but not 
necessarily in the groups ventilated with high PIP. The importance of tidal volume was 
clearly demonstrated by the breakthrough ARDSNet clinical study, which showed a 
22% mortality reduction in a group of patients ventilated with 6 mL/kg tidal volume 
and PIP below 35 cm H2O compared to a group of patients ventilated with 12 mL/kg 
[57]. Later experimental studies in animal models showed that high VT ventilation 
caused the lungs to deform, which led to development of pulmonary oedema and 
hyaline membrane formation [56, 72-76]. In some of these studies, PIP was also 
recorded showing that PIP is inherently higher in the animals ventilated with high VT 
[56, 74, 75]. Therefore, volutrauma and barotrauma are not necessarily mutually 
exclusive. Both can result in overstretch of the alveolar epithelial cells [77] suggesting 
that it is the process of tissue overdistension that is critical. 
1.3.2.3 Overdistension 
As describe above, overdistension due to high PIP or high lung volume ventilation has 
been shown to resulting in vascular permeability, pulmonary oedema and hyaline 
membrane formation in in vivo and ex vivo experimental studies. In in vitro studies, 
over-stretch of the alveolar epithelial cells increases cellular permeability, epithelial 
leakage, and cell death. While stretching of alveolar epithelial type II cells can 
stimulate surfactant secretion [78], overdistension may affect surfactant-related 
phospholipid synthesis [79]. Tschumperlin and Margulies [80] hypothesised that 
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pulmonary alveolar epithelial cells undergo biaxial stretch during mechanical 
ventilation as the surface area of the basement membrane increases. They found an 
increase in paracellular permeability and cell death as a result of increasing the stretch 
magnitude of alveolar epithelial type II cells using a device that generates uniform and 
equi-biaxial changes in membrane stretch [80, 81]. Cavanaugh et al. [82] suggested a 
strain magnitude threshold exists below which the tight junctions remain intact and 
exceeding this threshold results in epithelium leakage. Recently, Hamlington and 
colleagues [83] developed a computational model to study the relationship between 
stretch force and epithelial leak and found a nonlinear threshold relationship, where 
the leakage that was initiated after the threshold stretch force had been reached 
constantly increased as the stretch increased. This finding highlights the importance of 
overdistension in VILI.  
In summary, alveolar overdistension due to high lung pressure/volume ventilation has 
been shown to have deleterious effects on the lung. On this basis, low lung volume 
ventilation has been suggested, and used, as a protective strategy [57, 84] to minimise 
mortality. However, no further survival improvement has been reported since the 
clinical implementation of the low VT ventilation [3, 33] suggesting there are other 
factors that need to be considered. 
1.3.3 Cyclic stretch (atelectrauma) 
Low lung volume ventilation, primarily due to inadequate PEEP has also been 
demonstrated to cause VILI through the cyclic opening and closing of small airways 
(bronchioles) and recruitment/de-recruitment of alveoli [85]; a process referred to as 
atelectrauma. Initially, Lachmann et al. [86] suggested that shear forces, which could 
be generated by the opening and closing of lung units, can cause damage to the 
bronchiolar and alveolar epithelium. This mechanism of injury has been noted by 
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several studies [87-89]. However, those observations were confounded by the 
application of high inspired oxygen levels, which have also been shown to cause injury 
to the lung [90]. Muscedere and colleagues [11] used ex vivo rat lungs to assess the 
effect of ventilation at low lung volumes (5 - 6 mL/kg VT) with different levels of 
PEEP. A significant decrease in lung compliance and progression of lung injury, with 
a higher percentage of hyaline membrane formation, was found in the groups 
ventilated with low or no transpulmonary pressure as compared with the control or 
higher PEEP groups [11].  
Cyclic opening and closing of airways has also been shown to contribute to lung injury 
resulting in an increase in airway resistance in open-chest rabbits after 3-4 hours of 
ventilation [91, 92]. A further study in closed chest rabbits showed that ventilation at 
low lung volumes also increased of lung elastance, which was likely due to interstitial 
oedema and surfactant depletion or inactivation [93].  
The mechanism and effect of the cyclic recruitment and collapse of alveoli has been 
examined in more recent animal model studies using CT [94-97] and subpleural vital 
microscopy [98-100]. These studies found that recruitment and de-recruitment also 
depend on the duration over which low PEEP is applied (breath cycle rate) [101]). 
These results were supported by a computational study, which suggested that 
recruitment and de-recruitment is a time dependent phenomenon [102]. In another 
computational model study, Bilek and colleagues [103] demonstrated that the airway 
reopening stress cycle, including shear stress, pressure, shear stress gradient and 
pressure gradient, may inflict significant injury in lung epithelial cells. 
In an in vitro system, in which the alveolar epithelial cells underwent biaxial stretch, 
Tschumperlin et al. [104] showed that cell death was associated with increasing the 
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frequency of cyclic stretching. Davidovich et al. [105] demonstrated that cyclic stretch 
induced an increase in alveolar permeability by generating reactive oxygen species 
(ROS), superoxide, and nitric oxide in Type I rat alveolar epithelial cells. This increase 
in ROS and superoxide generation has also been demonstrated in immortalized human 
airway epithelial cell lines in response to cyclic mechanical stretch [106]. On the basis 
of the studies outlined above, it is likely that atelectrauma makes a significant 
contribution to VILI. 
1.3.4 Lung inhomogeneity  
Up to this point, the effects of overdistension and atelectrauma have been considered 
in isolation. However, the lung has been shown to have a heterogeneous response to 
ventilation with different stretching profiles (overstretch and atelectasis) occurring in 
different regions of the same lung [13, 64]. The baby lung concept was initially 
introduced to explain the fact that different regions of a lung of a patient with ARDS 
have a heterogeneous response to ventilation [46, 47], where some regions are 
inflatable while some others are not with this variation depending on disease severity 
[16]. In the healthy lung, the heterogeneous response of the lung in response to 
mechanical ventilation has been shown to vary depending on ventilation strategy and 
gravity [14, 107, 108]. The lung parenchyma is inhomogeneous due to the non-
symmetrical distribution of airways, vessels, and the visceral pleura, which leads to 
regional atelectasis [109]. The stress raiser concept suggests that the stress and strain 
caused by nonuniform expansion in response to mechanical ventilation, even with 
moderate pressure and PEEP in a healthy lung, can be harmful [16, 64]. Overall, both 
baro/volutrauma and atelectrauma may occur concurrently within the same lung.  
Since overdistension and atelectrauma lead to similar structural consequences, 
including increases in microvascular and cellular permeability, a reduction in lung 
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compliance, hyaline membrane formation and oedema [6], it is unclear how they are 
developed and which one makes the biggest contribution to VILI.  
1.3.5 Biotrauma  
Most ARDS patients die from multiple system organ failure (MSOF) [43, 44] which 
is linked with excessive production of the inflammatory mediators in response to 
mechanical ventilation [110-113]. Exploration of how VILI related processes 
(baro/volutrauma and atelectrauma) causes biotrauma, which may contribute to 
MSOF, is necessary to improve outcomes in patients with ARDS. 
1.3.5.1 Biotrauma concept 
The term biotrauma was first used by Tremblay and Slutsky [114] to describe the 
increasing expression of inflammatory mediators in association with mechanical 
ventilation. Ventilator-induced biotrauma has been demonstrated in in a number of 
models. In vivo, mechanical ventilation leads to neutrophil infiltration and activation 
[115-117] and increases in platelet activation factor (an important inflammatory 
mediator) [115]. Using ex vivo ventilated rat lungs, Tremblay et al. [118] measured 
lung levels of inflammatory cytokines (TNF-α, IL-1β, IL-6, IFN-γ), chemotactic 
(macrophage inflammatory protein-2) and anti-inflammatory (IL-10) cytokines, and 
mRNA levels of TNF-α and c-fos in response to 2 hours of ventilation with different 
strategies. Moderate VT ventilation (15 mL/kg) with 10 cm H2O PEEP led to 
increasing levels of TNF-α and mRNA of TNF-α and c-fos, compared to the control 
group (7 mL/kg with 3 cm H2O PEEP). This response increased further when PEEP 
was reduced to 0 cm H2O, while the combination of high VT (45 mL/kg) with no PEEP 
had a synergistic effect on the production of all measured cytokines [118]. In vitro 
studies using cell lines have confirmed the effect of mechanical stretch on 
inflammatory cytokine expression whereby 48 hours of 30% mechanical stretch of 
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alveolar epithelial cells (A549 cells) significantly upregulated the expression of IL-8, 
even in the absence of structural cell damage [119]. Thus, it is clear, from experimental 
(in vivo, ex vivo, and in vitro cell line) studies that mechanical ventilation by itself 
leads to an inflammatory response.  
 1.3.5.2 Mediators of biotrauma 
Since the introduction of this biotrauma concept, the expression of a wide range of 
genes and proteins, with different biological functions, have been reported in response 
to mechanical ventilation and/or in ARDS development. These will be summarised in 
more detail below. 
1.3.5.2.1 Surfactant proteins 
Pulmonary surfactants are lipoproteins produced by alveolar type II cells. Four 
surfactant related proteins have been identified and they play a critical role in 
maintaining lung compliance, facilitating the recruitment of collapsed airway and 
preventing atelectasis [120]. The levels of surfactant are reduced in respiratory failure 
[121] and disruption of surfactant protein can cause respiratory failure [122]. In 
particular, surfactant protein B, a small hydrophobic protein, is reduced in lung injury 
[123], and treatment by direct application of surfactant protein B can lead to 
improvement of oxygenation and prevention of the loss of lung compliance [124, 125]. 
The expression of surfactant protein B has been shown to change in response to 
mechanical ventilation with different strategies [126], where lower PEEP ventilation 
was found to  be associated with higher levels of this protein compared to higher PEEP. 
This increase in surfactant production is not consistent with the deleterious effect of 
low PEEP on lung injury. However, it should be noted that this effect was observed in 
response to a variable ventilation strategy which is different to conventional ventilation 
strategies used in the clinic. 
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1.3.5.2.2 Transcription and cell signalling factors 
Many transcription and cell signalling pathways are linked to ARDS development and 
mechanical ventilation. For example, the expression of c-fos, a transcription marker 
with a stretch responsive promoter component, is altered in response to mechanical 
ventilation [114]. Increasing levels of c-fos mRNA were found in response to 
mechanical ventilation, particularly when the lung was ventilated with high VT and no 
PEEP  [118]. C-fos has a role in regulation of inflammation and cell proliferation and 
its expression is activated by mitogen-activated protein kinase (Mapk) [127]. The 
Mapk group, which includes c-Jun, p38, ERK-1 and ERK-2 (Makp-1), responds to 
various forms of cellular stresses including mechanical ventilation [128] such that high 
PIP (45 cm H2O) with 10 cm H2O PEEP enhances phosphorylation of this group 
compared to low PIP (13 cm H2O) and PEEP (3 cm H2O). 
Epidermal growth factor receptor (Egfr), a mechano-transducer, is an upstream 
regulator of the Mapk response [129]. Egfr is a critical regulator of VILI [130], and is 
activated by cyclic stretch of lung cells [131, 132]. Nuclear factor kappa B (NF-κB) is 
another regulator of inflammation and proliferation, that is activated by hypoxia and 
is found in multiple cell types including alveolar macrophages, lung epithelial cells 
and pulmonary artery endothelial cells [133]. Levels of this protein increase in 
response to mechanical ventilation [134]. NF-κB regulates the expression of numerous 
inflammatory cytokines and chemokines including IL-1β, IL-6, TNF-α, Ccl2, CxCl1 
and CxCl2 [134], while nuclear factor erythroid-derived 2-like 2 (Nfe2l2) protects 
against ARDS development. Nfe2l2 is a transcription factor that coordinates the 
expression of over 200 antioxidant genes [135]. Degradation of the Nfe2l2 may result 
in inflammation [136] and Nfe2l2 knockout mice are more sensitive to VILI [137]. 
Overall, various transcription and cell signalling pathways are involving in the 
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response to mechanical ventilation and are critical in modulating the inflammatory 
response.  
1.3.5.2.3 Inflammation 
A range of inflammatory cytokines and chemokines are associated with the 
development of ARDS and have been detected in response to mechanical ventilation. 
For example, TNF-α, IL-1β, IL-6 and IL-8 have been found to increase in patients with 
ARDS at the onset of disease development and persistence of these cytokines is 
associated with poor outcomes and mortality [42, 138]. Increases in the expression of 
these cytokines have also been found in response to mechanical ventilation, especially 
when high tidal volumes are used, in clinical studies [139, 140] and in in vivo  [76] 
and ex vivo [118, 141] animal models. In line with this, the increased expression of 
these cytokines has been demonstrated in vitro lung cells in response to mechanical 
stretch [119, 142]. Upregulation of these inflammatory cytokines is mediated via the 
NF-κB pathway which also regulates the expression of several chemokines including 
Ccl2 [134] in response to mechanical ventilation [143, 144]. Ccl2, or Monocyte 
Chemoattractant Protein-1 (MCP-1), is expressed by mononuclear and epithelial cells 
and is involved in the recruitment of macrophages to the lung [145-147] in response 
to mechanical ventilation [148]. 
Several other inflammatory mediators have also been linked to VILI and ARDS. 
Receptor for advanced glycation end-products (RAGE) is a multi-ligand receptor that 
is expressed in alveolar epithelial type 1 cells and is involved in propagation of 
inflammatory response [149]. Lower levels of RAGE were found in patients on a 
protective ventilation strategy and there is a strong association between RAGE 
expression and clinical outcomes in patients with ARDS [150-152]. Angiopoietin-2 
(Ang-2) is a predictor of ARDS severity [153, 154], which involved in vascular 
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endothelial permeability [155]. Ang-2 is associated with pulmonary oedema [153, 
154] and lung injury score in mechanically ventilated patients [156]. Neutrophil 
elastase (Elane) and neutrophil myeloperoxidase (MPO) are potent proteolytic 
enzymes produced by neutrophils. They are thought to have a role in promoting acute 
and chronic lung injury [157] and are linked to the tissue damage [158] associated with 
high tidal volume ventilation [159, 160]. 
 1.3.5.2.4 Blood coagulation 
Coagulation is strongly linked to the inflammatory response to injury [161]. 
Coagulation factors are active in lung tissue in response to pulmonary challenges 
including mechanical ventilation [162, 163]. Coagulation is involved in the 
pathophysiology of ARDS through multiple pathways such as tissue factor, protein C 
and the regulation of fibrinolysis by plasminogen activator (PA) [164]. Tissue type 
plasminogen activator (Plat), is expressed by endothelial cells and is one of the two 
PAs that drives the conversion of plasminogen to a fibrinolytic enzyme [164]. A 
reduction in fibrinolysis is associated with mortality in patients with ARDS [162, 165], 
while mechanical ventilation with a high tidal volume and no PEEP leads to increasing 
PA activity [166]. 
1.3.5.2.5 Epithelial-mesenchymal transition 
Epithelial-mesenchymal transition (EMT) is a process of epithelial cell proliferation 
and differentiation in response to injury [167]. EMT is induced by mechanical stretch 
suggesting it is important in the pathogenesis of VILI [168]. E-cadherin, β-catenin, 
transforming growth factor β1 (TGF-β1), vimentin and other EMT markers have 
altered expression in animal models of mechanical ventilation and human epithelial 
cells exposed to mechanical stretch [169]. E-cadherin, a transmembrane molecule and 
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epithelial marker of EMT, has a protective role in the formation of epithelial adherent 
junctions and has its expression decreased in response to high tidal volume ventilation 
[126, 169-172]. In contrast, the expression of mesenchymal markers of EMT including 
vimentin, TGF-β and β-catenin increase in response to mechanical ventilation [169]. 
β-catenin is mediated by wingless integration (Wnt) signalling [173] and can modulate 
tight junction formation between epithelial cells and protect the alveolar barrier from 
cyclic stretch [172]. Wnt/β-catenin signalling stimulates tissue remodelling, cell 
migration, and wound closure. Mechanical ventilation, especially with high VT, leads 
to upregulation of Wnt and β-catenin proteins [173].  
1.3.6 The impact of baro/volutrauma and atelectrauma on biotrauma  
Since the introduction of the biotrauma concept, many clinical and experimental 
studies have been conducted in order to assess the effect of different ventilation 
strategies on markers of biotrauma. In a randomized controlled trial, Ranieri and 
colleagues [139] measured inflammatory mediators (TNF-α, IL-1β, IL-6, and IL-8) in 
two groups of patients assigned to be ventilated with either conventional (high VT with 
low PEEP) or lung-protective (low VT and high PEEP) ventilation strategies. Thirty 
six hours after randomisation, the measured BAL levels of inflammatory mediators 
were significantly increased in the conventionally ventilated group compared to the 
lung-protective group [139]. Stuber and colleagues [140] demonstrated the effect of 
different ventilation strategies on the expression of inflammatory cytokines by 
ventilating 12 mild ARDS patients with a lung-protective strategy (5 mL/kg and 15 
cm H2O PEEP) at baseline then switching them to a conventional ventilation strategy 
(12 mL/kg and 5 cm H2O PEEP) for 6 hours before switching back to the lung-
protective strategy. The measured plasma levels of IL-1 receptor antagonist, IL-6, and 
IL-10 were significantly increased at 1 h after switching to conventional ventilation, 
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and further increased after 6 hours on this strategy, but reduced 1 hour after switching 
back to the protective strategy and further decreased to baseline levels after 6 hours on 
the protective strategy. Interestingly, BAL cytokines levels did not decrease after 
switching from conventional ventilation to a protective strategy [140].  
In patients with healthy lungs, Zupancich et al. [174] reported that mechanical 
ventilation led to significant increases in BAL and plasma levels of IL-6 and IL-8 in 
the group ventilated with 12 mL/kg and 2-3 cm H2O PEEP compared to those 
ventilated with 8 mL/kg and 10 cm H2O PEEP. While, Wrigge et al. [175] found only 
BAL, but not plasma, levels of TNF-α were significantly higher in patients ventilated 
with high VT. In contrast, other studies have reported no significant differences in 
levels of TNF-α, IL-1β, IL-6 and IL-8 in serum of patients with healthy lungs 
ventilated for 6 hours with different strategies [175-179]. Taken together, clinical 
studies have shown the varying effects of mechanical ventilation strategies on 
biotrauma. 
In experimental studies, Tremblay et al. [180] found levels of TNF-α and IL-6 were 
ventilator strategy and time dependent. BAL levels of TNF-α and IL-6 mRNA of rat 
lungs ventilated with 40 mL/kg VT without PEEP for 30 minutes were significantly 
increased, whereas those ventilated for 2 hours were the same as the control group. 
The mRNA levels in the groups ventilated for 2 hours with 15 mL/kg were 
significantly increased independent of PEEP (either 0 or 10 cm H2O), suggesting both 
baro/volutrauma and atelectrauma contributed to the upregulation of TNF-α and IL-6. 
Another study found that levels of TNF-α, macrophage inflammatory protein-2 (MIP-
2), and IL-6 were significantly higher in the group ventilated without PEEP and the 
highest cytokine levels were found  when high VT and no PEEP were combined [181].  
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In contrast, Bouadma et al. [182] reported that 2 hours of ventilation, even with high 
VT (30 mL/kg) and no PEEP, was not sufficient to increase BAL levels of TNF-α, IL-
6 and MIP-2 in female BALB/c mice compared with a non-ventilated control group. 
In a study using a longer duration of ventilation in pigs, Hong et al. [183] showed that 
8 hours of ventilation with even low VT (6 mL/kg) and high PEEP (10 cm H2O) 
increased the expression of TNF-α, IL-1β, IL-6, IL-8, IL-10 and IL-12 in the  lung. 
Interestingly, the levels of BAL protein, tissue mRNA, and injury scores in the group 
of pigs ventilated with high VT and low PEEP were lower than those ventilated with 
low VT and low PEEP suggesting the effect of overstretch and cyclic stretch on 
biotrauma is complex.  
In short, evidence shows that mechanical ventilation leads to upregulation of 
inflammatory cytokine expression but the magnitude and severity of this response 
varies considerably depending on ventilation strategy and the relative contribution of 
baro/volutrauma and atelectrauma to biotrauma remains poorly understood [184]. 
Cannizzaro et al. shed some light on this by showing associations between over-stretch 
and protein leak, and atelectasis with IL-6 and TNF-α expression [184]. However, as 
pointed out earlier, it is possible that over-stretch and atelectasis may occur within the 
same lung to the relative contribution of these to the overall response is unclear. 
1.3.7 Biotrauma in the injured lung 
The “two-hit” hypothesis suggests that an individual patient’s outcome is a 
combination of the effect of the existing lung condition that caused respiratory failure 
and the response of the lungs to mechanical ventilation. This is highlighted by the fact 
that different results have been found in experimental models with different types of 
injury. For example, a study by Bouadma et al. [182], showed that high VT (30 mL/kg) 
without PEEP did not significantly increase levels of TNF-α, IL-6, or MIP-2, but the 
 Chapter 1 Literature review 
22 
 
combination of injury induced by hemorrhagic shock-resuscitation (HSR) and high VT 
led to a significant increase in the levels of these cytokines in the BAL and plasma. 
Chiumello et al. [185] showed that mechanical ventilation after hydrochloric acid 
instillation led to progressive increases in concentrations of TNF-α and MIP-2 in the 
lung lavage in rats and that the magnitude of the response increased with high VT and 
no PEEP. Interestingly, the rats ventilated with low VT without PEEP died after 2 to 3 
hours of ventilation highlighting the balance between providing adequate ventilation 
while avoiding lung injury. In a sepsis injury model, Altemeier et al. [148] showed 
that ventilation synergistically enhanced the production of inflammatory cytokines. In 
contrast, another study showed that mechanical ventilation did not increase the 
production of TNF-α and IL-6 in female BALB/c mice in response to influenza 
infection [84]. Therefore, the effect of mechanical ventilation may depend on the 
nature of the pre-existing lung injury.  
1.4 Summary 
Mechanical ventilation, a lifesaving strategy for patients with respiratory failure, has 
been shown to contribute to high mortality rates by injuring the lungs. 
Baro/volutrauma (overdistension), as a result of high pressure or high tidal volume 
ventilation, and atelectrauma (cyclic stretch), as a result of low-end expiratory lung 
volumes, are key mechanical responses that contribute to VILI. Both baro/volutrauma 
and atelectrauma lead to biotrauma, however, the effect of these on regional biotrauma 
remains to be determined. When linking the regional variation in the lung’s mechanical 
response to ventilation, and how this relates to biotrauma, it is important to consider 
how pre-existing lung injury can modify the effect.  
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1.5 Aims and hypotheses 
The overall aim of this study was to assess the impact of mechanical ventilation on 
regional lung volume and inflammatory responses and how pre-existing lung injury 
modifies the response. It was hypothesized that the regional inflammatory response to 
mechanical ventilation depends on the spatial distribution of the local mechanical lung 
response and pre-existing lung injury. 
1.5.1 Specific aims 
 Aim 1:  To assess the association between regional lung volumes and the 
expression of genes linked to ventilator-induced lung injury in response to different 
mechanical ventilation strategies in the healthy model. 
 Hypothesis: The regional lung volume response in the healthy lung to 
mechanical ventilation depends on the ventilation strategy and is associated with 
regional gene expression.  
Study approach: To achieve this we ventilated two groups of adult female 
BALB/c mice for 2 hours with either a protective ventilation strategy (moderate PIP 
with PEEP) or injurious ventilation strategy (high PIP with no PEEP). The regional 
lung volume responses were assessed by analysing high resolution in vivo dynamic 4D 
CT images taken during ventilation at baseline and after 2 hours of ventilation. The 
regional gene expression was assessed by measuring mRNA levels of 21 genes in lung 
tissues collected at the end of the ventilation. Immunohistochemistry was used to 
confirm the expression of key proteins and to determine regional neutrophilia. 
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Aim 2: To assess the impact of endotoxemia, as a model of indirect lung injury 
via systemic inflammation, on the regional lung volume response to mechanical 
ventilation and how this modifies gene expression. 
Hypothesis: The regional lung volume and gene expression response to 
ventilation with moderate PIP and PEEP will show more extreme regional variation in 
endotoxemia than in the healthy lung. 
Study approach: Endotoxemia in adult female BALB/c mice was achieved by 
IP injection with LPS in saline or saline alone as a control. Four hours later, the mice 
were ventilated with a protective ventilation strategy (moderate PIP with PEEP). The 
regional lung volumes and gene expression responses were assessed by analysing high 
resolution in vivo dynamic 4D CT images and measuring mRNA levels of key 
inflammatory genes as performed in Aim 1. Immunohistochemistry was used to 
quantify regional neutrophilia.  
Aim 3: To assess the impact of acid aspiration, as a model of direct lung injury, 
on regional lung volumes and the expression of VILI-related protein in mice in 
response to mechanical ventilation.  
Hypothesis: The regional lung volume and protein expression, response to 
ventilation, varies regionally in the lung in response to acid aspiration and is 
fundamentally different to the effect of endotoxemia.  
Study approach: Acid aspiration in adult female BALB/c mice was induced 
by IT instillation of HCl or saline as a control. The mice were then ventilated for 2 
hours with a protective ventilation strategy (moderate PIP with PEEP). The regional 
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lung volumes and protein expression responses were assessed by analysing high 
resolution in vivo dynamic 4D CT images and ELISA respectively. 
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Chapter 2 - The link between regional tidal stretch and lung 
injury during mechanical ventilation 
A modified version of this Chapter has been accepted for publication:  
Yen, S., Preissner M., Bennett E., Dubsky S., Carnibella R., O'Toole R., Roddam L., 
Jones H., Dargaville P. A., Fouras A. and Zosky G. R. (2019). The Link between 
Regional Tidal Stretch and Lung Injury during Mechanical Ventilation. American 
Journal of Respiratory Cell and Molecular Biology 60(5): p. 569-577. (see Appendix) 
This Chapter addresses the first specific aim “To assess the association between 
regional lung volumes and the expression of genes, linked to ventilator-induced lung 
injury, in response to mechanical ventilation in the healthy lung.” The text of this 
Chapter is presented as per the published version.  
Chapter 2 has been 
removed for copyright 
or proprietary reasons.
 Chapter 3 
52 
 
Chapter 3 - The association between regional lung volumes 














A modified version of this Chapter has been submitted for publication in American 
Journal of Physiology – Lung Cell and Molecular Physiology (under review):  
Yen, S., Preissner M., Bennett E., Dubsky S., Carnibella R., Murrie R., Fouras A., 
Dargaville P. A. and Zosky G. R. (Submitted). The association between regional lung 
volumes and gene expression during mechanical ventilation with endotoxemia.  
In the previous Chapter (Chapter 2), the impact of mechanical ventilation on the 
regional lung response in healthy lung was assessed. This Chapter aimed to assess the 
impact of mechanical ventilation on regional lung response in endotoxemia as model 
of indirect lung injury. The text of this Chapter presented as submitted to the Journal 
for publication. 




Recent studies have suggested that regional variations in inflammation during 
mechanical ventilation are associated with regional lung overdistension. However, 
studies in the setting of pre-existing lung injury are limited and have focused on non-
specific markers of inflammation. The aim of this study was to assess the impact of 
endotoxemia on the regional lung volume response to mechanical ventilation and how 
this modifies regional gene expression.  
Adult female BALB/c mice were injected intraperitoneally with 10 mg/kg of E. coli 
derived lipopolysaccharide (LPS) in saline, or saline alone. Four hours later, mice were 
ventilated for 2 hours with a respiratory rate of 225 breaths/min, a PIP of 12 cm H2O 
and a PEEP of 2 cm H2O. Regional functional residual capacity (FRC) and tidal 
volume (VT) were measured at baseline and after 2 hours of ventilation using X-ray 
velocimetry-based analysis of dynamic high-resolution CT lung images. The regional 
expression of seven inflammatory genes was quantified by qPCR and regional 
neutrophilia was quantified on lung sections using immunohistochemistry.  
Prior LPS exposure caused region-specific increases in FRC but had no effect on VT. 
LPS caused upregulation of all genes measured (IL-6, Ccl2, TNF-α, CxCl2, IL-1β, 
MPO, Nfe2l2). There were regional variations in the expression of IL-6 (P = 0.04) and 
Ccl2 (P < 0.001) that depended on LPS exposure. In LPS-treated mice IL-6 expression 
was negatively correlated with regional FRC whereas, in saline controls, TNF-α 
expression was positively associated with regional FRC. There was no association 
between the expression of any of the genes measured and VT.  
Our data suggest that pre-existing systemic inflammation modifies the relationship 
between regional lung volumes and inflammation. In the presence of endotoxemia, 
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low end-expiratory lung volume promotes the expression of pro-inflammatory 
pathways. 
  




Mortality rates due to acute respiratory distress syndrome (ARDS) remain high (up to 
40%), despite recent advances in clinical interventions [3, 5]. Mechanical ventilation, 
a lifesaving intervention in ARDS-related respiratory failure, may contribute to the 
high mortality rate by promoting inflammation in a process known as ventilator-
induced lung injury (VILI) [9, 114]. The pathobiology of VILI is complex and is 
thought to occur through multiple mechanisms including overdistension due to high 
tidal volume (VT) or high peak inspiratory pressure (PIP), and atelectrauma due to low 
positive end expiratory pressure (PEEP) and/or ventilation at low VT [6].  
Optimising ventilation strategies to minimise VILI is complicated by the 
heterogeneous response of the lungs to mechanical ventilation, whereby 
overdistension and atelectrauma may occur concurrently in different regions of the 
same lung [13, 14]. Recently, we found that regional VT, but not end-expiratory lung 
volume, is positively associated with the regional expression of IL-6 and Ccl-2 
suggesting that overdistension is the primary driver of VILI [210]. However, these 
experiments were conducted in ‘healthy’ lungs and do not reflect the clinical scenario 
in ARDS where mechanical ventilation is delivered to a ‘pre-injured’ lung. Recent 
studies using positron emission tomography (PET) imaging in sheep have shown that 
exposure to lipopolysaccharide (LPS) modifies the association between high tidal 
strain and inflammation (as assessed by 18F-FDG uptake) [191]. However, the nature 
of this inflammatory response, and whether other pathways are impacted, is unclear.  
The two-hit hypothesis suggests that an individual patient’s outcome is determined by 
the interaction between the pre-existing condition which caused respiratory failure and 
the response of the lungs to mechanical ventilation [18]. For example, endotoxemia 
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synergistically increases inflammation and cytokine production in response to 
mechanical ventilation [148]. Similarly, in an experimental model of haemorrhagic 
shock [182], mechanical ventilation enhanced lung and systemic inflammation while, 
in a separate study, protective mechanical ventilation had no effect on influenza-
induced lung inflammation [84]. Collectively, these observations suggest that prior 
lung injury has a significant effect on the outcome of mechanical ventilation. 
The aim of this study was to assess the impact of mechanical ventilation on regional 
lung injury in the setting of pre-existing lung injury using a mouse model of 
endotoxemia. High resolution in vivo dynamic four-dimensional computed 
tomography (4D CT) images were taken during ventilation to quantify regional lung 
volume responses. These were then correlated with the regional expression of VILI-
related genes. 
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3.3 Methods  
3.3.1 Animals 
Six- to nine-week-old female BALB/c mice were purchased from the Monash Animal 
Research Platform (Monash University, Melbourne, Australia). All mice were 
provided food and water ad libitum and housed in a 12:12 hour light-dark cycle. All 
experiments complied with the guidelines of the National Health and Medical 
Research Council of Australia and were approved by the Monash University and the 
University of Tasmania Animal Ethics Committees. 
3.3.2 Animal treatment, preparation and ventilation 
Mice were injected intraperitoneally with a 200 µL bolus of 0.9% saline (10 mL/kg 
body weight) with, or without, 10 mg/kg of lipopolysaccharide (LPS) derived from E. 
coli O111:B4 (InvivoGen, San Diego, CA, USA). Four hours after injection, mice 
were anaesthetised (400 mg/kg ketamine, 20 mg/kg xylazine; Troy Laboratories, 
NSW, Australia), tracheostomised and randomly assigned to either mechanical 
ventilation or free-breathing groups. Thus, there were four experimental groups (n = 
16 per group): 1) saline (control) free-breathing, 2) LPS free-breathing, 3) saline 
(control) + ventilation and 4) LPS + ventilation. Free-breathing controls were 
euthanased, after imaging without ventilation, by overdose with sodium 
pentobarbitone (200 mg/kg) as stipulated by our ethics approval due to the impost on 
the welfare of the mice in response to systemic LPS administration. The lung tissue 
was collected and stored in RNAlater® (Sigma, Australia) for gene expression (n = 8 
per group) or fixed in formalin for immunohistochemistry (n = 8 per group). Ventilated 
mice were prepared as described previously [210] and ventilated with room air (FiO2 
= 0.21) using a small animal ventilator (AccuVent 200, Notting Hill Devices, 
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Melbourne, Australia) for 2 hours at 225 breaths/minute, with a peak inspiratory 
pressure (PIP) of 12 cm H2O, and a positive end-expiratory pressure (PEEP) of 2 cm 
H2O. Lung imaging was performed at baseline (H0) and after 2 hours (H2) of 
ventilation used a custom-built laboratory-based system with a liquid metal jet X-ray 
source (Excillum AB, Kista, Sweden) coupled with a high-speed detector (PaxScan, 
Varian Medical Systems, Palo Alto, CA, USA) to capture 4D CT images. This system 
allowed us to capture high brightness, high resolution images at a high frame rate (at 
30 frames per second; 400 projections per CT) [211].  
At the end of ventilation, mice were euthanased by sodium pentobarbitone overdose 
(200 mg/kg) prior to processing of the lung tissue for gene expression (n = 8 per group) 
or immunohistochemistry (n = 8 per group). 
3.3.3 Regional lung volumes 
Using offline image processing, a 3D velocimetry technique was applied to calculate 
regional tidal volume (VT) [192, 195, 196] while grayscale values (intensity) were 
converted to Hounsfield Units (HU) to determine the aeration fraction for each voxel 
to obtain estimates of regional functional residual capacity (FRC). As described 
previously, the lung was segmented into ten regions (Figure 3.1) with images 
processed to calculate regional lung volumes [210]. To correct for the variation in 
regional lung size, we calculated specific FRC (sFRC = regional FRC/regional lung 
volume), and specific tidal volume (sVT = regional VT/regional lung volume) for each 
region. The 3D velocimetry technique 
3.3.4 Regional gene expression 
 Lungs were removed en bloc and tissue was collected from ten regions corresponding 
to the regional image segmentation (Figure 3.1). Lung tissue was stored separately in 
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RNAlater® (Sigma, NSW, Australia) at -20 °C prior to processing. RNA extraction 
on the frozen samples and gene expression assessment using reverse transcription 
qPCR arrays were performed as previously described [210]. The expression of seven 
VILI-related genes (TNF-α, IL-1β, IL-6, Ccl2, CxCl2, MPO, and Nfe2l2) was assessed, 
which we have previously shown to vary in response to mechanical ventilation in the 
healthy lung [210]. Gene expression relative to the reference gene (Rpl37) was 
calculated using the 2-ΔΔCT method [198]. Results were expressed as fold change 
relative to the average gene expression of a region (L1) in the control free-breathing 
group.  
3.3.5 Immunohistochemistry 
In separate groups of mice (n = 8), following euthanasia, lungs were harvested, 
embedded, sectioned and immunohistochemically stained using anti-neutrophil 
[NIMP-R14] (5 ng/μL, Abcam, Australia) as described previously [210]. The slides 
were observed by light microscopy and the number of neutrophils (from at least 20 
fields of view) were quantified in randomly selected images within each lung region 
from a single midline section that captured most of the lung regions. Since R2 and R4 
were not consistently present in the midline section, neutrophil numbers were only 
quantified in eight lung regions. 
 3.3.6 Data analysis 
Differences in sFRC, sVT, relative gene expression and number of neutrophils, both 
between regions and between treatment protocols, were assessed using two-way 
repeated measures ANOVA with Holm-Sidak post hoc tests (SigmaPlot version 12.5, 
Systat Software Inc. San Jose, USA). Data were transformed using a power 
transformation where necessary to satisfy the assumptions of normality and 
homoscedasticity of the variances. Associations between regional sFRC, sVT and 
 Chapter 3 
60 
 
regional mRNA levels were assessed using linear regression analysis. P < 0.05 was 
considered statistically significant. 
 
Figure 3.1: Regional lung segmentation. Schematic showing the segmentation 
approach for the assessment of regional lung volumes. This segmentation 
corresponded to the tissue sampling process for the assessment of gene expression and 
image analysis. 




3.4.1 The effect of LPS on lung volumes 
Qualitatively, there was significant regional heterogeneity in both FRC (Figure 3.2A 
and C) and VT (Figure 3.2B and D). LPS appeared to have minimal impact on VT, 
however, there was evidence to suggest that prior LPS exposure increased FRC (Figure 
3.2B) in regions of the lung that had low FRC in the controls (Figure 3.2A). 
3.4.2 The effect of LPS on sFRC and sVT at the onset of ventilation (H0) 
Regional sFRC varied significantly at H0 and differed between ventilated LPS and 
control groups (P < 0.001) whereby sFRC in L2 (P < 0.001) and R1 (P = 0.01) were 
higher in the LPS treated mice (Figure 3.3A). In the control mice, sFRC was higher in 
the regions proximal to the main conducting airways (L1, P < 0.001; L3, P < 0.001), 
the dependent regions at the base of the lung (L5, P < 0.001; L6, P < 0.001) and the 
three other right lobes (R1, P = 0.003; R2, P = 0.03 and R3, P < 0.001) (Figure 3.3A) 
compared to the accessory lobe (R4). In the LPS treated mice all regions had a higher 
sFRC than R4 at baseline (P < 0.02 for all comparisons) (Figure 3.3A). sVT at H0 
varied regionally (P < 0.001) within groups, but there was no effect of exposure to LPS 
on the response (P = 0.19) (Figure 3.3B). Within groups, sVT was higher in the regions 
proximal to the main conducting airways (L1, P = 0.002; L3, P = 0.001), the dependent 
regions at the base of the lung (L5, P < 0.001; L6, P < 0.001) and the large lower right 
lobe (R3, P < 0.001) (Figure 3.3B). 
3.4.3 Change in sFRC and sVT after 2 hours of ventilation 
LPS exposure had no effect on the change in sFRC from H0 to H2 (P = 0.55) compared 
to controls and there were only subtle within-groups regional differences with a 
significant increase the L5 sFRC relative to R4 (P = 0.04) (Figure 3.3C). LPS also had 
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no effect on the change in sVT from H0 to H2 (P = 0.12). Within groups, there were 
regional increases in sVT that were primarily located in the distal regions of the left 
lung, L2 (P < 0.001), L4 (P = 0.008), L6 (P = 0.004) and the right upper lobe R1 (P < 
0.001) compared to R4 (Figure 3.3D). 
3.4.4 Regional gene expression 
3.4.4.1 Unventilated mice 
Exposure to LPS caused large increases in the expression of all the genes that were 
measured (P < 0.001 for all comparisons) (Figure 3.4). In saline treated mice, the 
expression of Ccl2 was higher in the L3 and R4 regions. mRNA levels were 
significantly lower in L4 (P = 0.002), L6 (P < 0.001), R2 (P = 0.04) and R3 (P = 0.01) 
(Figure 3.4C) compared to R4. In contrast, in LPS exposed mice, the expression of IL-
1β (R3 > L1, P = 0.01) and MPO (L2 > R4, P = 0.04) varied regionally (data not 
shown). There were no regional differences in the expression of IL-6 (P = 0.77; Figure 
3.4A), CxCl2 (P = 0.33; Figure 3.4B), TNF-α (P = 0.31 Figure 3.4D) or Nfe2l2 (P = 
0.49; data not shown). 
3.4.4.2 Ventilated mice  
Overall, the regional expressions of all measured genes were significantly higher in 
the LPS ventilated group than the corresponding regional expressions in the control 
ventilated group (P < 0.001 for all comparisons). The expression of IL-6 (P = 0.04) 
varied regionally within the LPS group, whereby expression in R4 was higher than in 
several other regions (e.g. vs R1, P < 0.001) (Figure 3.5A). In contrast the expression 
of Ccl2 varied regionally but only in the saline treated mice with higher expression in 
proximal regions of the left lobe (L1, and L3) and lower regions of the right lobes (R3 
and R4). Meanwhile, the distal regions (L2, P <0.001; L4 = 0.001; and L6, P = 0.02) 
of the left lobe had lower expression than the reference region (R4, Figure 3.5C). There 
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was also regional variation in the expression of TNF-α (P = 0.02) and CxCl2 (P = 
0.005), but this was independent of LPS exposure (Figure 3.5B and D). There were no 
significant differences in regional mRNA levels of IL-1β (P = 0.15), MPO (P = 0.25) 
or Nfe2l2 (P = 0.54) (data not shown). 
3.4.5 Association between regional gene expression, sFRC and sVT 
In the saline treated mice, regional sFRC was positively associated with TNF-α (P = 
0.001) expression (Figure 3.6C). In contrast, in the LPS treated mice, the expression 
of IL-6 (P < 0.001) was negatively associated with sFRC (Figure 3.6A). There were 
no further associations between regional lung volumes and the expression of the other 
genes measured (P > 0.05 for all analysis) (data not shown). 
3.4.6 Inflammation (neutrophils) 
3.4.6.1 Unventilated mice 
There was no effect of LPS on neutrophil numbers in the lung tissue (P = 0.23) and 
there were no regional differences (P = 0.09) in neutrophil density (data not shown). 
 3.4.6.2 Ventilated mice 
In ventilated mice, the number of neutrophils varied regionally depending on treatment 
(P = 0.02, Figure 3.7). LPS exposure significantly increased the number of neutrophils 
but only in regions L4 (P = 0.02), L5 (P = 0.02), L6 (P = 0.02), R1 (P < 0.001) and R3 
(P = 0.007) (Figure 3.7). Unlike the unventilated mice, there was regional variation in 
both groups such that L1 had higher number of neutrophils than L4 (P = 0.004), L6 (P 
= 0.007), R1 (P = 0.007) and R3 (P < 0.001) in the saline exposed mice and R1 had 
higher number of neutrophils than L4 (P = 0.02) in the LPS treated mice (Figure 3.7). 
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3.4.7 Association between regional inflammation, sFRC and sVT 
There was no association between the number of neutrophils and sFRC and sVT in 
either of the groups (P > 0.3 for all comparisons; data not shown).  
 
Figure 3.2: Lung imaging during ventilation. Representative 3D images of specific 
functional residual capacity (sFRC, upper panels) and specific tidal volume (sVT, 
lower panels) for a control ventilated mouse (left panels) and an LPS-treated ventilated 
mouse (right panels). LPS exposure caused an increase in sFRC in regions R1 and L2 
(arrows). Regional sVT was relatively homogeneous at baseline. 




Figure 3.3: Regional lung volumes. Box plots (median, interquartile range, and 10th 
to 90th percentile) for sFRC and sVT at baseline (H0; panels A and B respectively) and 
the proportional change in sFRC and sVT after 2 hours of ventilation relative to 
baseline (H2-H0; panels C and D respectively) for each of ten lung regions in control 
and LPS-treated mice. * and ** indicate P < 0.05 and P < 0.001 respectively relative 
to R4 within each group. # and ## indicate P < 0.05 and P < 0.001 respectively 
compared with same region in the control group. N = 8 mice per group. 
 




Figure 3.4: Regional gene expression in mice in unventilated mice. Relative fold 
change of RNA levels was calculated using 2-ΔΔCT method relative to the reference 
gene (Rlp37) and average CT of the L1 region in the control group for IL-6 (A), Cxcl2 
(B), Ccl2 (C) and TNF-α (D). * and ** indicate P < 0.05 and P < 0.001 respectively 
relative to R4 within each group. ## indicates P < 0.001 between the two ventilated 








Figure 3.5: Regional gene expression in mechanically ventilated mice. Relative 
fold change of RNA levels was calculated using 2-ΔΔCT method relative to the reference 
gene (Rlp37) and average CT of the L1 region in the free-breathing control mice for 
IL-6 (A), CxCl2 (B), Ccl2 (C), and TNF-α (D). * indicates P < 0.05 relative to R4 
within each group. $ indicates P < 0.05 relative to L6 within each group. ## indicates 
P < 0.001 between the two ventilated groups. Data are mean (SD) and N = 8 mice per 
group.  
 




Figure 3.6: Relationship between regional gene expression and lung volumes. 
Scatterplots showing the relationship between the fold change in regional gene 
expression of IL-6, in the LPS exposed ventilated mice (A, B) and TNF-α in the 
ventilated control mice (C, D), and sFRC (A, C) and sVT, (B, D). Lines represent the 
predicted association based on linear regression analysis. 




Figure 3.7: Regional numbers of neutrophil in mechanically ventilated mice. 
Number of neutrophils per square millimetre lung section within each region. * and ** 
indicate P < 0.05 and P < 0.001 respectively relative to L1 in the control group. 
$ indicates P < 0.05 relative to L4 within the LPS exposed mice. # and ## indicate P 
<0.05 and P < 0.001 respectively compared with same region in the saline exposed 
mice. Data are mean (SD) and N = 8 mice per group.  




This study aimed to assess the regional response to mechanical ventilation in the 
setting of pre-existing endotoxemia-induced inflammation. We assessed regional lung 
volume by analysing high resolution dynamic 4D CT images, taken during ventilation, 
and examined the association between these volumes and the regional expression of 
VILI related genes, and inflammatory cells (neutrophils). We found a heterogenous 
response in regional sFRC whereby pre-treatment with LPS increased gas trapping at 
end-expiration in some, but not all, lung regions. LPS had no effect on the regional 
sVT response. Exposure to LPS increased the expression of all genes measured far 
above the changes induced by ventilation alone. However, the expression of IL-6 
clearly decreased with increasing sFRC suggesting that low lung volume ventilation, 
in the setting of endotoxemia induced systemic inflammation, increased the 
inflammatory response. Interestingly, the regional lung volume response did not 
appear to be associated with the recruitment of neutrophils. Collectively, these data 
suggest that prior systemic inflammation influences the regional lung response to 
mechanical ventilation and, in the setting of moderate PIP, low end-tidal lung volumes 
may promote regional lung injury.  
We found regional variations in lung volumes, gene expression and inflammation that 
were dependent on prior treatment with LPS. While there was little effect on sVT, there 
were region specific increases in sFRC in response to LPS, particularly in the regions 
proximal to the positive pressure being delivered by the ventilator; the upper right lobe 
(R1) and the point of entry of the main bronchus of the left lobe (L2). This suggests an 
element of end-expiratory gas trapping. This result is consistent with the observation 
that the upper region of the lung in ARDS is less likely to collapse [16]. However, a 
mechanical explanation for this observation, particularly in L2, is unclear. It is possible 
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that there were areas of dynamic airway collapse, however, in this scenario gas 
trapping in the distal lung regions would be anticipated, which we did not observe. 
Related to this, prior lung injury resulting in decreased peripheral compliance could 
cause a redistribution of regional tidal volumes such that the central lung regions 
become more compliant as a result of the additional tidal stretch [195, 212]. 
Alternatively, it is possible that this increase in sFRC represents local barotrauma at 
the pressure front of the ventilation waveform [103, 213, 214], however, we saw no 
evidence of overt lung injury in these regions in the LPS treated mice and this is not 
consistent with the gene response we observed.  
In the LPS treated mice there was a significant negative correlation between IL-6 and 
sFRC but not sVT suggesting that regional low end-expiratory lung volume is, 
potentially, detrimental in the setting of systemic inflammation. The expression of IL-
6, an inflammatory cytokine, is associated with poor outcomes in ARDS [37, 138] and 
elevated in response to overdistension and cyclic stretch of lung tissue [118, 140]. The 
stretch related IL-6 response has been shown to be suppressed by the application of 
moderate PEEP [215, 216], but is enhanced by high PEEP [215] due to overdistension 
[139]. In line with this, we have previously shown that the expression of IL-6 in the 
healthy lung is positively associated with sVT [210]. However, the data in the present 
study are inconsistent with this observation. There are two things worth noting when 
considering this discrepancy. Firstly, in our previous study, we used a range of 
ventilator settings which included much higher inspiratory pressures (up to 20 cm 
H2O). Thus, it is possible that the position association we previously observed between 
IL-6 expression and sVT only manifests at high PIP and avoidance of such ventilation 
strategies, as shown in the ARDSNet trial [57], is beneficial. Secondly, there is a 
fundamental experimental difference in the current study; pre-existing systemic injury. 
This could have multiple effects on the response. As discussed earlier, prior injury is 
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likely to decrease peripheral compliance which will promote atelectasis and cyclic 
recruitment and de-recruitment of lung units; a phenomenon that has been shown to 
promote lung injury [6, 11]. In addition, prior exposure to LPS significantly altered 
the inflammatory milieu, as shown in the mRNA data, which is likely to fundamentally 
change the tissue response to stretch [217, 218]. While a clear explanation for this 
observation is not possible based on our data, we have demonstrated that prior systemic 
inflammation fundamentally alters the tissue stretch response in the setting of 
moderate PIP and PEEP. In particular, low regional lung volume ventilation, as 
indicated by low sFRC, appears to promote an inflammatory response in the lung.  
In support of the notion that prior injury alters the response, in the uninjured lung, we 
found a positive correlation between TNF-α and regional sFRC. TNF-α is a pro-
inflammatory cytokine which has been shown to increase in expression in response to 
LPS [219] and mechanical ventilation [203]. While some studies have shown that 
mechanical ventilation can enhance the production of TNF-α in the previously injured 
lung [148, 220, 221], others have found ventilation alone has no effect on TNF-α 
production  [118, 222]. Our data suggest that the effect of mechanical ventilation on 
TNF-α production is related to regional overdistension (sVT), but only in the “healthy” 
lung. Again, this highlights the effect of prior injury on the relationship between tissue 
stretch and the inflammatory response induced by mechanical ventilation. 
To further assess the impact of ventilation on inflammation, we also quantified 
regional neutrophil levels. Neutrophils, a critical inflammatory cell in ARDS 
pathogenesis [34], have been shown to increase in response to both LPS treatment and 
mechanical ventilation [223, 224]. In the unventilated mice, there was no effect of LPS 
treatment on the number of neutrophils in the lung, however, in the ventilated mice, 
prior LPS treatment significantly increased neutrophil numbers in a region dependent 
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manner. Interestingly, this regional variation in neutrophil numbers was not associated 
with our measures of tidal stretch or end-tidal lung volume. This is surprising given 
the strong association between IL-6 production and neutrophil infiltration [225-227] 
suggesting a disconnect between the cytokine response and the recruitment of 
neutrophils. It is possible that this is due the short duration of ventilation such that the 
recruitment of neutrophils had not peaked after 2 hours of ventilation. Future studies 
may consider longer ventilation protocols to fully characterise the kinetics of the 
inflammatory response with a focus on regional heterogeneity. 
This study had some limitations which should be acknowledged. Firstly, the 
ventilation protocol was limited to a single PIP and PEEP strategy. Ventilation with 
different strategies, particularly with adjustment of PEEP, given the effect of low FRC 
we have shown, may give greater insight into the impact of ventilation on regional 
lung injury in the previously injured lung. Also, in order to fulfil animal welfare 
requirements free-breathing mice were euthanased 4 hours after exposure to LPS 
which limited our capacity to dissect the effect of ventilation alone on the 
inflammatory response. Nonetheless, within the ventilated animals, we were able to 
clearly demonstrate important associations between regional lung volumes and the 
gene response and how this is influenced by prior systemic inflammation. 
In conclusion, we have demonstrated that regional variation in sFRC is altered by 
endotoxemia. Interestingly, while we have previously shown that overstretch is a key 
driver of regional inflammation in the healthy lung, we found that the endotoxemic 
lung is susceptible to low lung volume ventilation. Further investigation of the impact 
of different ventilation strategies and lung injuries on the regional response may 
provide further insight into the pathogenesis of ARDS in response to mechanical 
ventilation.  
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Chapter 4 - Regional inflammatory cytokine expression and 
lung volumes in response to mechanical ventilation in the 















In the previous Chapters, the impact of mechanical ventilation on the regional lung 
response was assessed in the healthy lung (Chapter 2) and with endotoxemia as a 
model of indirect injury (Chapter 3). This Chapter aimed to assess how the regional 
lung response to mechanical ventilation in acid aspiration induced direct lung injury 
and whether the response is different to what was observed with indirect injury 
(Chapter 3). The text of this Chapter is presented as a “traditional” Thesis Chapter (i.e. 
has not been formatted for publication). 




In the previous Chapters the effect of mechanical ventilation on regional lung stretch 
and lung injury in the healthy (Chapter 2) and endotoxemic (Chapter 3) lung was 
assessed. However, it is unclear whether these observations are altered in the setting 
of different lung injuries that can cause ARDS. This study aimed to assess the impact 
of ventilation on regional lung volumes and VILI-related protein expression in mice 
exposed to acid aspiration as a model of direct lung injury. It was hypothesized that 
the lung response to ventilation would vary regionally depending on exposure to acid 
and that the response would be fundamentally different to that observed in Chapter 3 
using a model of indirect injury.  
Two groups of adult female BALB/c mice were randomly assigned to receive 
intratracheally administration of 50 µL of HCl (pH = 3) or 0.9% saline. Groups of mice 
were further divided into free-breathing controls, which were euthanased 30 minutes 
after acid administration, or mechanically ventilated for 2 hours with a respiratory rate 
of 225 breaths/min, a PIP of 12 cm H2O and a PEEP of 2 cm H2O. Regional lung 
volumes were obtained from analysis (x-ray velocimetry) of dynamic high-resolution 
4D CT lung images at baseline and after 2 hours of ventilation to calculate regional 
specific tidal volume (sVT) and specific functional residual capacity (sFRC). 
Ventilated mice were euthanased at the end of the ventilation period. Lungs were 
harvested from all mice, and divided into ten regions, for assessment of regional 
expression of four inflammatory proteins (TNF-α, MCP-1, IL-1β and IL-6) by ELISA. 
There were variations in regional sFRC (P < 0.001) and sVT (P < 0.001), however, 
exposure to acid aspiration had no effect on sFRC (P = 0.15) or sVT (P = 0.88). There 
were no changes in regional lung volumes from baseline to the end of the ventilation 
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period. While there were regional differences in protein expression, HCl exposure had 
no effect on the expression (P > 0.67 for all proteins). Similarly, ventilation had no 
effect on the level of the measured proteins (P > 0.23 for all comparisons) and there 
was no association between regional lung volumes and protein expression (P > 0.17 
for all comparisons). In order to explore the effect of IT fluid administration on the 
response, lung volume data from the control group in Chapter 3 (IP saline exposed) 
was compared with data from the control group in this Chapter (IT saline exposed). IT 
exposure to saline significantly increased sFRC in some regions (P = 0.01) and global 
sVT (P = 0.04).  
In conclusion, there was no effect of acid aspiration or ventilation on the regional lung 
volume response. This is likely due to the combined effect of the pH that was too high 
to induce significant injury and the effect of IT fluid administration on the stretch 
response to mechanical ventilation. On the basis of these data, it is unclear whether 
direct lung injury alters the regional stretch and inflammatory response compared to 
indirect lung injury.  
  




In the previous Chapters, the impact of mechanical ventilation on regional lung injury 
in the healthy lung (Chapter 2) and in the pre-injured lung (Chapter 3), using a model 
of endotoxemia, were assessed. In the healthy lung, there were variations in regional 
lung volumes (sFRC and sVT) and the expression of inflammatory genes in response 
to mechanical ventilation [210]. The expression of two genes, IL-6 and Ccl2, varied 
regionally depending on the ventilation strategy. The link between regional lung 
volumes and gene expression was demonstrated by a positive association between the 
regional expression of Ang-2, IL-6, and Ccl2 and regional sVT, but not sFRC, 
suggesting that regional over-inflation has the greatest impact on injury in the healthy 
lung.  
Consistent with the healthy lung, there was also regional variation in the expression of 
IL-6 and Ccl2 in the setting of pre-existing inflammation (endotoxemia) (Chapter 3). 
However, the expression of these genes was not associated with sVT. In contrast, in 
the LPS treated mice, there was a negative association between sFRC and the 
expression of IL-6 suggesting that low lung volume ventilation is the most detrimental 
in the pre-injured lung. These findings show that regional ventilator-induced lung 
injury is dependent on ventilation strategy and the pre-existing lung condition. 
However, it is unclear whether this observation is true for all types of prior lung injury 
that can contribute to the development of ARDS.  
ARDS is caused by various clinical disorders which can be broadly classified into 
direct and indirect injuries to the lung. Sepsis is the major cause of ARDS development 
as a result of indirect injury to the lung [19, 21, 23, 24]. On the other hand, aspiration, 
the inhalation of foreign materials such as food particles, liquids, blood and bacteria, 
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into the airways [228, 229], is the common causes of direct lung injury [21, 27, 28]. 
Patients with suspected aspiration are more likely to develop a severe form of ARDS 
leading to a high mortality rate [23, 24]. The inhalation of low pH regurgitated gastric 
contents may cause chemical injury to the airways and parenchyma leading to the 
activation of neutrophils and the development of ARDS [228, 230, 231]. Gastric 
aspiration is the common cause of aspiration and frequently occurs in ICU or trauma 
patients, where there is an altered state of consciousness [228]. This situation arises in 
one in every 2-3 thousand of patients undergoing anaesthesia [228, 232, 233] and up 
to 20% of deaths linked to anaesthesia are thought to be due to gastric aspiration [228, 
234].  
In order to study the effects of gastric aspiration on the lung, a number of models of 
gastric aspiration have been established, typically by oropharyngeal instillation of a 
low pH liquid. The effect of acid aspiration on the lung is depended on pH and fluid 
volume [230]. The severity of the lung injury increases when the acidity or volume of 
fluid delivered increases. Experimental models of the impact of acid aspiration on the 
lung have shown that the response is characterised by deterioration of gas exchange, 
development of oedema, alterations in surfactant function, loss of lung compliance, 
increasing alveolar permeability, inflammation and the generation of reactive oxygen 
species [230, 235-245]. Mechanical ventilation and exposure to acid aspiration prior 
to, or during, ventilation has been shown to cause lung injury as demonstrated by 
increased airways hyperresponsiveness, microvascular permeability, enhanced 
expression of IL-8 and neutrophil recruitment [246-248]. The impact of ventilation 
and acid aspiration is also dependent on ventilation strategy. Injurious ventilation with 
high PIP or VT and no PEEP induces more severe injury, while protective ventilation 
with moderate PIP and PEEP induces minor impact [185, 249], suggesting that 
variations in lung volume may alter the response. 
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Little is known about the impact of ventilation on the regional lung response in 
aspiration. A recent study assessing the regional inflammatory response in 
mechanically ventilated rat using hyperpolarized (HP) carbon-13 magnetic resonance 
imaging (MRI) [250] found increases in the regional expression of broad inflammatory 
markers in the acid aspirated rats ventilated with no PEEP. However, the analysis was 
only based on 2-D slices of the images and the range of inflammatory markers 
measured was limited.  
The aim of this Chapter was to assess the impact of ventilation on regional 
inflammation in a model of pre-existing, direct, lung injury by ventilating mice after 
intratracheal administering hydrochloric acid. It was hypothesized that the lung 
response to ventilation would vary regionally depending on exposure to acid aspiration 
and that the response would be fundamentally different to that observed in Chapter 3 
using a model of indirect injury. The impact of the acid aspiration and ventilation on 
lung volumes at the regional level was assessed by analysing high resolution in vivo 
dynamic 4D CT images, taken during ventilation as per the previous Chapters. In the 
previous Chapters, the expression of inflammatory genes was assessed by measuring 
their mRNA levels. However, this has limitations as the expression levels may not 
translate into altered protein expression. Therefore, in this Chapter, regional protein 
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4.3 Methods  
4.3.1 Animals 
Six- to nine-week-old female BALB/c mice were purchased from the Monash Animal 
Research Platform, Monash University (Melbourne, Australia). All mice were 
provided food and water ad libitum and housed in a 12:12 hours light-dark cycle. All 
experiments complied with the guidelines of the National Health and Medical 
Research Council of Australia for the Care and Use of Animals for Scientific Purposes 
(2004) and were approved by the Monash University and University of Tasmania 
Animal Ethics Committees. 
4.3.2 Animal preparation and ventilation 
The animals were prepared as described in Chapter 2. Briefly, they were anaesthetized 
with intraperitoneal (IP) injection of a solution containing 400 mg/kg ketamine (Troy 
Laboratories, NSW, Australia) and 20 mg/kg xylazine (Troy Laboratories, NSW, 
Australia). Initially, two-thirds of the dose was given to induce a surgical plane of 
anaesthesia before tracheostomy and insertion of a 10 mm polyethylene cannula (0.86-
mm inner diameter). Top-up doses of the anaesthetic were given throughout the 
ventilation period when necessary. Following tracheostomy, the animals were placed 
in a customised 3D-printed holder and randomly selected for treatment by intratracheal 
administered with either 50 µL of 0.9% saline or hydrochloric acid (HCl, pH = 3, 
Sigma-Aldrich, Castle Hill, NSW, Australia). As stipulated by our ethics approval, due 
to the impact on the welfare of the animals, the free-breathing controls mice were 
euthanased 30 minutes after HCl administration by overdose with sodium 
pentobarbitone (200 mg/kg).  
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Ventilated mice were mounted on a rotating stage (Zaber Technologies, Vancouver, 
Canada) in a custom-built holder. The tracheal cannula was attached to a small animal 
ventilator (AccuVent 200, Notting Hill Devices, Melbourne, Australia) operating in a 
pressure-limited mode. Mice were ventilated with room air (FiO2 = 0.21)  for 2 hours 
at 225 breaths/min with a PIP of 12 cm H2O and 2 cm H2O PEEP. Lung images of the 
ventilated groups were taken at baseline (H0) and after 2 hours (H2) of ventilation. 
Mice were euthanased at the end of ventilation by overdose with sodium 
pentobarbitone (200 mg/kg) prior to processing of the lung tissue for protein 
expression (n = 8 per group). 
4.3.3 X-ray imaging 
The X-ray imaging setup was as described in Chapters 2 and 3.  
4.3.4 Post-processing of imaging data 
Images were processed for quantification of regional specific FRC (sFRC) and specific 
VT (sVT) for ten lung regions as described in Chapters 2 and 3. 
4.3.5 Protein expression 
Following euthanasia, the lungs were removed en bloc and divided into 10 regions 
consisting of the four right (R1, R2, R3 and R4) lobes and six regions (L1, L2, L3, L4, 
L5 and L6) from the left lobe corresponding to the image analysis (Figure 3.1). Each 
lung region was snap frozen in liquid nitrogen before being stored at - 80 °C prior to 
analysis.  
Protein extraction was performed using T-PER® Tissue Protein Extraction (Thermo 
Scientific, Rockford, USA). Briefly, the lung tissues were homogenized in T-PER 
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reagent (20 µL/g tissue) using a T10 basic ULTRA-TURRAX homogenizer system 
(IKA, Wilmington, USA). The mixture was centrifuged at 10,000 g for 5 minutes to 
pellet cell/tissue debris and supernatant was collected and stored at - 80 °C. Total 
protein was quantified using a Coomassie (Bradford) protein assay kit (Thermo 
Scientific, Rockford, USA) by according to the manufacturer’s instructions. 
The level of TNF-α, MCP-1, IL-1β and IL-6 in tissue homogenate was measured using 
Mouse DuoSet ELISAs (R&D System, Minneapolis, USA) according to the 
manufacturer’s instructions. The absorbance was read at 450 nm or 570 nm with 
spectrophotometer (Spectramax M2; Molecular Devices, Sunnyvale, CA, USA). The 
relative regional protein levels were normalised to the total protein. 
4.3.6 Data analysis 
Two-way repeated measures ANOVA with Holm-Sidak post hoc tests (SigmaPlot 
version 12.5, Systat Software Inc. San Jose, USA) were employed to assess regional 
differences in sFRC and sVT and relative protein expression, both between regions and 
between treatments. Data were transformed using a power transformation where 
necessary to satisfy the assumptions of normality and homoscedasticity of the 
variances. Associations between regional sFRC, sVT, distension and regional protein 
levels were assessed using linear regression analysis. P < 0.05 was considered 








4.4.1 Lung volume (sFRC and sVT) at baseline 
At baseline (H0), regional sFRC varied (P < 0.001), independent of treatment (P = 
0.15), (Figure 4.1A), whereby the accessory lobe (R4) had significantly lower sFRC 
than all other regions in both the acid aspiration and saline groups (P < 0.001 for all 
comparisons). In addition, the regions distal to the main conducting airways, such as 
L2, L4 and R2, had lower sFRC than the other six regions (P < 0.05 for all 
comparisons) (Figure 4.1A). Similarly, sVT at H0 varied regionally (P < 0.001), but 
there was no effect of treatment on the response (P = 0.88) (Figure 4.1B). sVT in R4 
was significantly lower than all other regions in both groups (P < 0.001 for all 
comparisons) (Figure 4.1B). 
4.4.2 Change in sFRC, sVT and regional distension after 2 hours of ventilation 
Overall there was no significant change in sFRC (P = 0.31) or sVT (P = 0.42) from 
baseline after 2 hours of ventilation (H2 vs H0). While there was considerable variation 
between animals, exposure to acid had no effect on the response (sFRC, P = 0.45; sVT, 
P = 0.53) (Figure 4.1C and D).  
4.4.3 Regional protein expression 
4.4.3.1 Free-breathing mice 
Exposure to HCl had no effect on the level of any of the measured proteins in the 
unventilated mice (P > 0.67 for all comparisons) (Figure 4.2). There were, however, 
variations in regional protein levels within groups. With L1 as the reference, the level 
of IL-6 was significantly lower in R1 (P = 0.048) (Figure 4.2A), while the levels of 
IL-1β were lower in R1 (P = 0.003), R2 (P = 0.006) and R3 (P = 0.001) (Figure 4.2B) 
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and TNF-α expression was lower in L4 (P = 0.004), R1 (P < 0.001), R2 (P < 0.001) 
and R3 (P < 0.001) (Figure 4.2D). There was no regional difference in the expression 
of MCP-1 (P = 0.08) (Figure 4.2C). 
4.4.3.2 The effect of ventilation (within saline treated groups) 
Mechanical ventilation had no effect on the expression of any of the measured proteins 
in the saline treated mice (P > 0.12 for all comparisons) (Figure 4.3).  
4.4.3.3 The effect of ventilation and acid aspiration 
Exposure to HCl had no effect on the level of any of the measured proteins in the 
ventilated mice (P > 0.23 for all comparisons) (Figure 4.4). However, there were 
significant regional variations in protein expression levels in the ventilated mice with 
the two regions proximal to the main conducting airways (L1 and L3) having higher 
levels of all measured proteins compared to the other eight lung regions (P < 0.05) 
(Figure 4.4). 
4.4.4 Association between regional gene expression, sFRC and sVT  
The linear regression analysis showed no significant association between regional lung 
volume (sFRC or sVT) and IL-1β, IL-6, MCP-1 or TNF-α levels (P > 0.17 for all 
comparisons) (Figure 4.5). 
4.4.5 Effect saline treatment (IP and Aspiration) on lung structure 
Because there is no significant effect of acid aspiration on lung volume response and 
the effect of fluid instillation is concerned, the effect of saline aspiration on the lung 
volume response was assessed by compared with the response after an IP injection of 
saline (Chapter 3). The impact of mechanical ventilation on the lung volume response 
varied depending on method of administration of saline, whereby the regional sFRC 
at H0 was dependent on the mode of saline treatment (P = 0.01). In particular, the 
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sFRC in L2 (P = 0.04) and R1 (P = 0.03) was higher in the aspirated group than the IP 
injected group (Figure 4.6A). In addition, the saline aspirated group had higher global 
tidal volume than the IP injected group (P = 0.04) (Figure 4.6B). 
 
Figure 4.1: Effect of acid aspiration on lung volumes in ventilated (Vent) mice. 
Box plots (median, interquartile range, and 10th to 90th percentile) for sFRC and sVT 
at baseline (H0; panels A and B respectively) and the proportional change in sFRC and 
sVT (panels C and D respectively) after 2 hours of ventilation relative to baseline for 
each of ten lung regions in mice from each ventilated group. * and ** indicate P < 0.05 
and P < 0.001 respectively relative to R4 within each group. N = 8 mice per group.  




Figure 4.2: Regional protein levels in free-breathing mice. Levels of the proteins 
IL-6 (A), IL-1β (B), Ccl2 (C), and TNF-α (D) in the saline controls and acid treated 
free-breathing mice were measured by ELISA. The levels of the proteins are presented 
as a proportion of total protein, which was measured by Bradford assay. * and ** 
indicate P < 0.05 and P < 0.001 respectively relative to L1 within each group. N = 8 









Figure 4.3: Regional protein levels in mechanically ventilated and free-breathing 
saline controls. Levels of the proteins IL-6 (A), IL-1β (B), Ccl2 (C), and TNF-α (D) 
in each lung region were measured by ELISA. The levels of the proteins are presented 
as a proportion of total protein, which was measured by Bradford assay. * and ** 
indicate P < 0.05 and P < 0.001 respectively relative to L1 within each group. N = 8 
mice per group. 
  




Figure 4.4: Regional protein levels in mechanically ventilated mice treated 
intratracheal acid or saline. Levels of the proteins IL-6 (A), IL-1β (B), Ccl2 (C), and 
TNF-α (D) in each lung region were measured by ELISA. The levels of the proteins 
are presented as a proportion of total protein, which was measured by Bradford assay. 
* and ** indicate P < 0.05 and P < 0.001 respectively relative to L1 within each group. 
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Figure 4.5: Relationship between regional protein levels and regional lung 
volumes (sFRC and sVT at the onset of ventilation (H0) in ventilated mice (next 
page). Scatterplots showing the relationship between the regional sFRC (A, C, E and 
G) or sVT (B, D, F and H) and regional levels of IL-6 (A and B), MCP-1 (C and D), 
IL-1β (E and F), and TNF-α (G and H) in the ventilated mice. Linear regression 
analysis was performed to assess the association and P-values are presented. Each dot 
















Figure 4.6: Effect of mode of saline administration (IP – Chapter 3 vs IT – 
Chapter 4) on lung volumes. Box plots (median, interquartile range, and 10th to 90th 
percentile) for sFRC and sVT at baseline (panels A and B respectively) for each of ten 
lung regions in mice of each ventilated group. * and ** indicate P < 0.05 and P < 0.001 
respectively relative to R4 within each group, # indicates P < 0.05 compared with same 
region in the IP injected group and $ indicates P < 0.05 between the two groups. N = 
8 mice per group. 
  




In this Chapter, the aim was to assess the impact of mechanical ventilation on regional 
lung injury in a model of direct lung injury, by acid aspiration, to determine the effect 
of injury type on the response (compared to Chapter 3). We assessed regional lung 
volume by analysing high resolution dynamic 4D CT images, taken during ventilation, 
and measured the regional expression of inflammatory cytokines in lung tissues 
collected after 2 hours of ventilation. We found variations in regional lung volumes 
(sFRC and sVT), but this was not altered by prior exposure to acid. Similarly, while 
there was significant regional variation in the expression of all the proteins measured, 
there was no effect of acid aspiration alone (free-breathing mice), mechanical 
ventilation alone (saline treated mice) or the combination (mechanical ventilation; 
saline vs acid) on cytokine expression. In order to further understand these 
observations, data from the IP saline group from Chapter 3 were compared with data 
from the IT saline group in this experiment. There was a significant effect of route of 
saline administration on the sFRC response whereby sFRC was increased in some 
regions while overall sVT increased in the IT saline treated mice. It was clear that the 
lung volume estimates, particularly sFRC, were more variable in the control group 
compared to the control data from previous Chapters suggesting that the response was 
influenced by intratracheal liquid administration. Overall, the data showed no effect 
demonstrated for acid aspiration, mechanical ventilation or combination of both on 
regional lung response, which is likely due to the high pH of the acid and the effect of 
liquid aspiration on the regional lung response.  
This is the first study to assess the impact of ventilation on regional cytokine 
expression in a model of acid aspiration. Analysis of the regional levels of the TNF-α, 
IL-1β, MCP-1 and IL-6 expression showed significant regional variation that was not 
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affected by prior treatment with acid aspiration. A further analysis to evaluate the 
impact of ventilation on the levels of measured proteins in the saline treated groups 
confirmed no significant impact of ventilation on the response. These results contradict 
the findings in the previous Chapters, in which ventilation was found to have an impact 
on the expression of these genes. These observations also contradict other studies 
where these proteins were shown to have altered expression in response to acid 
aspiration, ventilation or the combination of both [118, 148, 238, 251]. In the previous 
Chapters, regional mRNA levels of Ccl2 (MCP-1) and IL-6 varied depending on 
ventilation strategy (Chapter 2) and pre-existing lung injury (Chapter 3). Differences 
in regional mRNA levels of IL-1β and TNF-α were also found in response to 
ventilation in the previous Chapters. Previous studies have found significant effects of 
acid aspiration on the expression these proteins [237-239, 242], but the acid was 
stronger with pH lower than 2.5, while increasing levels of these inflammatory protein 
in lung tissue, BAL or plasma have also been shown in response to mechanical 
ventilation  [7, 118, 140, 148, 203]. 
The lack of an effect of acid aspiration or mechanical ventilation on the expression of 
the measured proteins in this Chapter may be due to several factors. First, the pH may 
have been too high. Because of ethical concerns, due to the impact on the welfare of 
the animals, it was not possible to use acid with pH lower than 3.0 as stipulated in our 
ethics approval. While it has been argued that a pH lower than 2.5 is required to 
induced significant injury to the lung [230], higher pH (4.0) have also been 
demonstrated to alter the lung response 2 hours after exposure [247]. This suggests the 
pH of the acid, used in this study, may be sufficient to induce injury, and a significant 
effect should have been found, especially in the ventilated mice where the response to 
the combination effects should be more severe [251, 252]. It is also possible that the 
duration of ventilation may not have been long enough for the response to develop, as 
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the second phase of injury, which is characterised by inflammation, in response to acid 
aspiration may take 3-4 hours to develop [230]. However, previous studies using 2 
hours of ventilation have shown a significant effect  [253, 254].  
It possible that all of the above factors, combined with our early ventilation 
intervention with moderate PIP with PEEP was sufficient to prevent further injury 
[84]. For example, in a rat model of aspiration, after 2 hours ventilation with moderate 
VT (< 15 mL/kg) and PEEP (2 cm H2O), no additional effect on lung injury was 
observed [255]. The assessment of the inflammatory response by measuring the 
protein levels should also be acknowledged as a contributing factor. In the previous 
Chapters, gene expression was assessed by measuring mRNA levels, whereas in this 
Chapter protein levels were assessed. It is possible that there was an increase in gene 
expression, but sufficient time had not elapsed for this to translate into downstream 
changes in protein expression. Also, only four proteins were evaluated. A more robust 
assessment of a broader number of proteins may have provided additional insight. 
Overall, the results show neither acid nor ventilation had significant effect on the levels 
of the proteins that were measured. At this stage the reason for this regional variation 
are unclear but are likely to be linked to a combination of the relatively high pH and 
the short duration of ventilation using moderate PIP with PEEP. 
The images analysis showed variation in regional lung volumes (sFRC and sVT) with 
a similar pattern to that observed in previous Chapters. However, while there was an 
effect of endotoxemia (Chapter 3) on the regional lung volume response, particularly 
sFRC, the direct lung injury (acid aspiration) in this experiment had no effect on lung 
volumes. This was surprising because acid aspiration is well known to have deleterious 
effect on lung mechanics, such as increasing lung stiffness, airway resistance and 
inspiratory pressure response to mechanical ventilation [185, 247, 254, 256]. In 
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addition, there was no significant change in lung volume from baseline to 2 hours after 
ventilation suggesting no effect of both acid aspiration and ventilation on the lung 
volume response. These results contradict data from previous Chapters, in which 
ventilation was shown to influence the lung responses as demonstrated by the change 
in sFRC and sVT from baseline to 2 hours after ventilation in both the healthy (Chapter 
2) and pre-injured lung (Chapter 3).  
Several factors may contribute to the lack of impact of both acid treatment and 
ventilation on the lung volume response in this experiment. For example, as indicated 
by the lack of change in the protein expression, the acid model used may not have been 
severe enough to induce lung injury. The result clearly shows that the instillation of 
liquid (saline and acid) had an impact on the inflation response of the lung to 
mechanical ventilation. This, combined with the uneven distribution of the fluid, is a 
likely explanation for the variability in the lung volumes that was observed. In order 
to further understand this issue, a further analysis was undertaken to assess the impact 
of liquid aspiration on the lung response by comparing lung volumes in saline treated 
mice with IT aspiration and IP injection (Chapter 3). The result showed, IT 
administration led to increases in regional sFRC, particularly in the upper dependent 
regions of the lung (L2 and R1). Regional sFRC was also highly variable, which  is 
consistent with the effects of lung fluid and oedema formation [257] suggesting the 
effect of IT fluid instillation on the mechanical response of the lung. However, because 
the injury is mild, the increase in regional sFRC is more likely due to the effect of 
inhomogeneous fluid distribution on alveolar gas-trapping. Unfortunately, the regional 
variation of distribution of saline and acid instillation was not assessed. This may have 
provided some insight into the effect of fluid instillation on the variability in lung 
volumes that was observed. 
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It is interesting to note that there was also a higher overall sVT in the IT saline group. 
Saline aspiration has been shown to increase alveolar surface tension [258] which is 
likely to decrease lung compliance leading to altered volume distribution. However, 
this is not consistent with the observation that sVT increased in the IT saline group. 
There is no clear explanation for this discrepancy. 
As detailed above, this experiment had several limitations which may have influenced 
the outcome. First, the pH of the acid used was likely too high to induce significant 
lung injury. This was due to a stipulation in our ethics approval on the advice of the 
animal welfare officer. In addition, the inflammatory assessment was limited to the 
levels of four proteins. It is possible that both acid aspiration and mechanical 
ventilation impacted on the expression of other proteins that are involved in lung injury 
and ventilator induced lung injury. 
Overall, data of this Chapter showed acid aspiration, in combination with protective 
mechanical ventilation, had no effect on the lung response in this experiment. 
Although there was variation in regional lung volumes and level of inflammatory 
proteins there was no association between these measures. It is likely that the high pH 
and the effect of fluid administration on the lung mechanical response impacted on the 
outcomes in this experiment. Thus, we are unable to conclude whether acid aspiration 
and mechanical ventilation impacts on regional lung volumes and inflammation. 
Future studies should use a lower pH, a longer time between exposure to the acid and 
the onset of ventilation and measure a wider range of proteins. 
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This study aimed to assess the impact of mechanical ventilation on the regional lung 
response and how this is altered by different types of pre-existing injured lung relevant 
to acute respiratory distress syndrome (ARDS). There were variations in the impact of 
mechanical ventilation on the regional lung response in the healthy lung (Chapter 2) 
and in the pre-injured endotoxemic lung (Chapter 3), but the effect of on the acid 
aspirated lung was inconclusive due to issues with the severity of the lung injury 
induced and the impact of fluid instillation (Chapter 4).  
In the healthy lung (Chapter 2), there were heterogenous lung volume (sFRC, sVT and 
distension) responses to mechanical ventilation whereby the regional sVT and 
distension varied depending on ventilation strategy. In contrast, while sFRC also 
varied regionally, this variation was not influenced by the ventilation strategy. The 
expression of two key inflammatory genes, IL-6 and Ccl2, varied regionally depending 
on the ventilation strategy, while the expression of other genes either varied regionally 
(CxCl2, IL-1β, TNF-α, RAGE and Ang-2) or in response to different ventilation 
strategies (CxCl2, TNF-α, Wnt1, c-fos and Nfe2l2) with no evidence of regional 
variation. Importantly, there were strong positive associations between regional 
expression of IL-6, Ccl2, and Ang-2 and regional sVT, but not sFRC, suggesting that 
regional over-inflation has the greatest impact on ventilation induced lung injury in the 
healthy lung.  
In endotoxemia (Chapter 3), as a model of ARDS related pre-existing indirect lung 
injury, we found regional variation in the lung response to mechanical ventilation. 
Regional sFRC and the expression of IL-6 and Ccl2 varied depending on whether 
endotoxemia was present or not, while the regional sVT varied independent of prior 
injury. The expression of IL-6 in the endotoxemic mice was negatively associated with 
sFRC, whereas sVT was not associated with the expression of any measured gene, 
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suggesting that, on contrast to the healthy lung, the endotoxemic lung is susceptible to 
low lung volume ventilation.  
In acid aspiration (Chapter 4), as a model of direct lung injury, there was variation in 
regional lung volumes, however, acid aspiration had no effect on this response. The 
regional levels of inflammatory cytokines (TNF-α, MCP-1, IL-1β and IL-6) were not 
affected by acid aspiration alone (free-breathing mice), mechanical ventilation alone 
(saline treated mice) or the combination (within mechanical ventilation; saline vs acid). 
Follow up analysis comparing lung volume data of the mice treated with saline via IT 
instillation (Chapter 4) and IP injection (Chapter 3) demonstrated a significant effect 
of route of saline administration on the lung volume response. sFRC was increased in 
some regions while overall sVT increased in the IT instillation group, suggesting the 
response was influenced by liquid aspiration. As a result, it was not possible to 
demonstrate the effect of acid aspiration on the lung volume response. In addition, 
prior acid-induced lung injury was not established, likely due to the high pH of the 
acid used, so the effect of mechanical ventilation on direct lung injury could not be 
assessed. 
Overall, the impact of mechanical ventilation on the lung varied regionally and 
depended on both the ventilation strategy and pre-existing lung injury. The association 
between regional lung volume and the regionally inflammatory response suggests that 
the healthy lung is susceptible to over-stretch, while the endotoxemic lung is 
susceptible to low lung volume ventilation. These findings provide critical insight into 
the effect of mechanical ventilation on the regional lung response and may inform 
future work that can potentially be translated into beneficial outcomes in patients with 
ARDS. 
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One of the primary findings of this study was a heterogenous response of healthy lung 
to mechanical ventilation. In a clinical context, mechanical ventilation is often used to 
support respiration in the absence of significant prior lung injury. For example, the 
development of the modern positive pressure ventilation in the ICU started during the 
poliomyelitis epidemic in 1952, in which the ventilation was used to save thousands 
of patients with otherwise “healthy” lungs [8, 66]. While polio may have been 
eradicated in most countries, the application of mechanical ventilation in patients who 
require ventilatory support as a result of impaired respiratory drive, especially in 
anesthesia, is still an important mode of treatment [6]. However, this can be 
problematic because mechanical ventilation is well known to cause injury in an 
otherwise healthy lung [10, 68].   
Ventilation related mortality in anesthesia had reduced from about a quarter of 
mortality in anesthesia in the 1980s to 10% by 2001 [259-261]. As a result of the 
ARDSNet study [57], which showed a positive benefit of reduced tidal volume in 
patients with respiratory failure, applied tidal volumes have reduced with a view to 
improving these mortality rates further. Nevertheless, clinicians have been hesitant to 
apply this protective ventilation strategy in anesthesia because of concerns about 
hypoxia due to atelectasis [262-264]. This was supported by a retrospective patient 
review study which showed an association between low PEEP ventilation and 
increased risk of 30-day mortality [265]. However, a recent systematic review reported 
no significant effect of different ventilation strategies on mortality and length of stay 
in patients without acute lung injury [266] suggesting that the concerns regarding low 
PEEP may be unwarranted. 
The data presented in Chapter 2, where the response in the healthy lung was assessed, 
clearly showed that the response within the healthy lung is heterogeneous. The 
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heterogenous lung response was characterized by variation in sVT and expression of 
IL-6 and Ccl2. The positive association between these outcomes highlights the 
importance of regional overstretch on the lung injury response in the healthy lung and 
the importance of considering what is occurring at a regional level. The lack of 
association between sFRC and gene expression suggests that cyclic stretch is not as 
critical as overdistension in the healthy lung setting which supports the concept that 
high tidal volumes should be avoided in the clinical application. 
In contrast to the healthy lung, where regional overdistension had a detrimental effect 
on the lung response, the endotoxemic lung appeared to be susceptible to low lung 
volume ventilation. Sepsis, a major risk factor for ARDS development, is associated 
with the most severe forms of ARDS and accounts for the highest patient mortality 
[23, 24]. While the majority of mortality in patients with ARDS is due to multiple 
system organ failure (MSOF) [43, 44], potentially as a result of ventilator-induced lung 
injury (VILI) [8, 9], the mechanisms of VILI development in the septic lung are poorly 
understood [6].  
Over the last decade, studies have been focusing on reducing VILI in patients with 
ARDS to improve mortality, however, defining a standard ventilation strategy for the 
injured lung has been problematic as the proportion of relatively “inflatable” regions 
of the lung varies between patients [16]. The relative proportion of healthy lung in 
patients with severe ARDS may be as low as 20% [17, 46], with the bulk of the lung 
being collapsed or fluid filled. In order to avoid VILI, lower tidal volumes may be 
required to ventilate the small regions of health lung as demonstrated by the ARDSNet 
study [57]. However, since the ARDSNet study, mortality rates in ARDS patients have 
remains unchanged [3] and there is some concern that low lung volume ventilation 
may also contribute to mortality in these patients [267, 268].  
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The ARDSNet study suggested a VT of 6 mL/kg [57] or less, but this low VT was 
shown to induce more harm than 10 mL/kg in patients with relatively compliant lungs 
[267, 268]. Similarly, higher levels of PEEP were found to be associated with better 
survival in with severe ARDS [59] but clinical trials to assess the benefit of PEEP 
adjustment showed no effect [62]. As a result, the ARDS definition taskforce 
recommended a VT of 6-8 mL/kg and ≥ 10 cm H2O PEEP [4]. However, a recent 
clinical study reported that median tidal volumes > 8 mL/kg were not associated with 
increased mortality [269] while, a recent review article suggested different levels of 
PEEP should be applied depending on disease severity [270]. The relative contribution 
of over and under-ventilation to the inflammatory response in the ARDS lung remains 
unclear. 
Chapter 3 provides critical insight into the regional response of the endotoxemic lung 
to a protective ventilation strategy with relatively low tidal volume and moderate 
PEEP. It was clear that endotoxemia altered end-tidal lung volumes but had no effect 
of VT. The strong negative association between regional sFRC and the expression of 
IL-6, and no significant association between sVT and gene expression, highlights the 
importance of regional low lung volume ventilation in contributing to lung injury in 
endotoxemia. This supports the clinical concern regarding the impact of under-
ventilation on VILI in sepsis induced ARDS and highlights the importance of 
considering the regional response. 
This study had several limitations which should be acknowledged. First, this study was 
conducted entirely in a small animal model, which may not be representative of the 
clinical response in humans. However, this model allowed measurement of the 
heterogenous response of the lung, the application of an injurious ventilation strategy 
and the controlled induction of prior injury. The fact that the markers that were 
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consistently expressed (e.g. IL-6) are also linked to mortality in patients with ARDS 
[37, 42, 138] supports the clinical relevance of this work. In addition, demonstration 
of the application of dynamic 4D CT imaging may provide a path forward for 
improvements in monitoring the response to mechanical ventilation in critically ill 
patients to optimize ventilation strategies by considering the regional lung response in 
an individual patient 
Another limitation of this study was the apparent lack of injury induced by acid 
aspiration in Chapter 4 which meant that the effect of direct lung injury on the response 
could not be determined. Since ARDS development is caused by a wide range of risk 
factors, further study in different injury models may be required. In future studies a 
lower pH and a longer time between acid exposure and mechanical ventilation may 
provide further insight - noting that animal welfare will be an important consideration.  
The short ventilation period (2 hours) applied in this study is also a limitation as longer 
ventilation periods are typically applied in the clinic and may last several days [271]. 
This ventilation duration may be too short for many of the biological and lung 
structural responses to develop. However, while the ventilation period applied in this 
study may have been too short, a significant effect on the regional lung response was 
observed and there was evidence of upregulation of inflammatory markers that are 
seen clinically (Chapter 2). Similarly, prior injury clearly modified the response to this 
short duration of mechanical ventilation (Chapter 3).  
The assessment of the inflammatory response was also limited to selected genes 
(Chapter 2 and 3) and proteins (Chapter 4). Further study to assess the expression of a 
wider range of pathways that may be involved in ventilator induced lung injury may 
 Chapter 5 General discussion 
104 
 
provide further insight. Likewise, measurement of the systemic response is also critical 
to understand the link between the lung response and development of MSOF  
In conclusion, this Thesis has shown that mechanical ventilation can induce regional 
inflammation in the healthy lung as a result of overdistension. In contrast, variation in 
the regional inflammatory response in the endotoxemic lung was influenced by low 
regional end expiratory lung volume. It is well known that VILI can occur through 
either overdistension (volutrauma) or cyclic stretch (atelectrauma). However, until 
now, it was unclear which was the most important as they both can occur within the 
same lung. The findings of this Thesis contribute to a greater understanding of the 
mechanisms of VILI and how the lung response varies depending on ventilation 
strategy and pre-existing lung injury. 
In the clinical context, mechanical ventilation is a lifesaving therapy in patients with 
respiratory failure. Data from this Thesis show that different ventilation strategies may 
be required for patients with different lung conditions. However, the lack of a well-
defined clinical tool to monitor the regional lung response at the beside remains an 
issue. In addition, the impact of mechanical ventilation on the lung in the setting of 
different injury types requires further work. Therefore, future studies to assess the 
impact of ventilation on the response in different types of prior lung injury and the 
further development of clinical tool to characterize the regional response at the bedside 
may provide the opportunity to improve outcomes in these critically ill patients.  
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